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COTS Commercial off-the-shelf 
EMU Extravehicular Mobility Unit 
EVA Extravehicular Activity 
ExCG Exploration Cooling Garment 
ID Inner Diameter 
LCG Liquid-cooled Garment 
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The technology of a liquid-cooled garment allows astronauts to complete 
extravehicular activities while maintaining a degree of thermal comfort.  The garment has 
gone largely unchanged despite advancements in technology, materials, and knowledge.  
This research examines possible advancements in thermal efficiency with an alternate 
tubing geometry through heat transfer rate calculations.  A semi-circle cross-section was 
selected and compared against the current circular cross-section tubing.  Each tubing 
cross-section was 3-D printed and integrated into forearm sleeves.  For comparison, the 
assembly of each sleeve resembled the current Liquid Cooling and Ventilation Garment 
used with the Extravehicular Mobility Unit.  Subjects wore the forearm sleeves while 
water at 25 °C, 18 °C, and 10 °C flowed through the tubing.  Skin surface temperatures 
from the four test subjects were recorded with thermocouples before and during the 
experiments.  The data collected from this research supported the conclusion that semi-
circle cross-section tubing provides an average 24.5% greater heat transfer compared to 
circular cross-section tubing.  The ANOVA analysis suggests there is some statistical 
significance in the heat transfer rates between the two tubing cross-sections.  Further data 
analysis implies that the semi-circle cross-section tubing could provide increased thermal 





The vacuum of space is unforgiving and unlike any environment encountered on 
Earth.  Once in space, astronauts are vulnerable to a number of hostile factors.  Drastic 
temperature swings ranging from 120 °C (250 °F) to -157 °C (-250 °F) while conducting 
an extravehicular activity (EVA) on the International Space Station stress the astronaut 
and the spacesuit (Koscheyev & Leon, 2014).  To protect the astronauts from the 
environment of space, astronauts wear an Extravehicular Mobility Unit (EMU) during 
EVA.  The EMU facilitates a habitable environment by acting as a personal spacecraft for 
the astronaut.  Including the time it takes to don and doff the EMU, an astronaut may be 
in the spacesuit for up to eight hours.  During this time, the crew member will expel 
various levels of metabolic heat depending on the task.  High levels of metabolic heat 
dissipation result in the crew member becoming physically uncomfortable, which could 
lead to psychological instability.   
To achieve thermal regulation within the spacesuit, the astronaut wears a Liquid 
Cooling and Ventilation Garment (LCVG).  Without the use of an LCVG, the inside of 
the EMU would create an environment similar to a rainforest due to the expelled 
metabolic heat.  The LCVG is an essential part of the EMU, and thus the National 
Aeronautics and Space Administration (NASA) has developed a list of design
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 requirements for liquid-cooled garments (LCG) (Table 1).  The elements listed are 
targeted to optimize thermal performance and physical comfort for crew members.  
Previously updates proposed to enhance thermal garments have included variations in 
materials, changes to the tube routing template, tubing geometry, and added auxiliary 
loops.  All proposed enhancements are still in the prototype phase and have undergone 
limited testing.  Research has stressed the need for advancements in thermal regulation 


















Table 1.  Requirements for the LCVG (Ferl et al., 2008) 
Requirement Definitions 
Limit heat gain & 
loss 
Maintain crewmember heat storage between 2 BTU/lb.-mass 
and -1.8 BTU/lb.-mass given a heat suit leak of ± 330 BTU/hr 
and metabolic rates as defined. 
Secure (lock – lock) 
fluid connections 
The cooling line connections to the life support system and 
any connections within the LCVG shall be mated and demated 
with a two-step locking actuation that prevents inadvertent 
disconnect during use. 
Vent loop 
compatible 
Meet the current requirements (SVHS15397 Rev B) for vent 
loop material compatibility. 
Allow unconstrained 
motion 
Allow a crewmember to maintain their nominal “shirt sleeve” 
range of motion. 
Self-sealing 
disconnects 
The cooling line connection to the life support system and any 
connections within the LCVG shall not spill (more than 2cc) 
during operational disengagement while pressurized. 
Maintain position in 
donning & use 
Remain indexed to the crewmember without impact to LCVG 
function or physical comfort due to twisting, bunching, or 
“riding up” that can occur during donning and use. 
Maintain fit & 
function over life, 
machine washable 
Be machine washable without affect to fit or function.  The 
LCVG shall not shrink or stretch out so as to affect conformal 
fit during its operational life of 300 hours and 10 years. 
Unassisted donning 
in 2 minutes 
 
The LCVG and any non-integrated ancillary items that are 
necessary for proper function of the LCVG shall be donnable 
within two minutes by an unassisted crewmember. 
Usable life > 300 
hours (750-hour 
goal) 
Operate within its required specifications for a minimum of 
300 hours with minimal maintenance performed by a 
crewmember on-orbit.  The LCVG should operate within its 
required specifications for up to 750 hours. 
Weigh < 5 lbs. dry The maximum LCVG dry weight including any non-integrated 
ancillary items that are necessary for proper function of the 
LCVG shall be 5 lbs. 
Shelf life >10 years Operate within its required specifications for a minimum of 10 
years. 
Stow in 1012 in3 Be capable of being folded and packaged in a volume of 1012 
in3 without adverse effects to function. 
Scalable 1% female 
to 99% male 
American 
Be capable of being designed in a sufficient number of sizes of 
the same configuration to fit the 1% American female to the 
99% American male (as defined by HSIR document projection 






Over the past 50 years, there has been little advancement in liquid cooling 
garment technology for astronauts.  The only notable change implemented includes the 
addition of ventilation ducts.  During this time span, EVA tasks have increased in 
complexity and duration.  The shift in mission tasks now requires continuous exertion 
from the astronauts.  With a drive toward planetary exploration, the need for a thermal 
regulation garment that meets the astronaut’s exertion level while enhancing efficiencies 
in the spacesuit is inevitable.  Carrying over the current thermal regulation technology to 
the next step in space exploration will not only handicap the astronauts but will impede 
the achievement of mission goals.  There is also a need for decreasing the weight of the 
spacesuit for future planetary explorations.  Improving the thermal regulation garment 




Research has proven that tubing geometry and anatomical placement of tubing 
plays a large role in the extent of thermal regulation for an LCG.  Much of the research 
regarding tubing geometry has examined elliptical geometries and left out other potential 
geometries due to manufacturing limitations.  For this research, a semi-circle cross-
section tubing geometry was considered for improved heat dissipation capabilities.  This 
research intends to address the following hypotheses concerning LCG tubing 
enhancements: 
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1)    Semi-circle cross-section tubing geometry will provide better thermal 
regulation across a wide range of temperatures compared to that of the 
current LCVG tubing.  This will lead to the ability to reduce the amount of 
tubing needed to cool the body. 
2)    The semi-circle cross-section tubing will provide better comfort to the wearer 
in comparison to the circular cross-section tubing. 
During the conducted experiments, skin surface temperature was measured to 
determine the effectiveness of the tubing geometries.  Subjective feedback from the test 
subjects provided information associated with the comfort level of the circle and semi-
circle tubing cross-sections. 
 
BACKGROUND 
Physiological and Psychological Thermal Reactions 
 
While on Earth our bodies are able to transfer excess metabolic heat to the 
environment.  This process prevents our bodies from overheating and reduces the risk for 
the onset of dangerous heat-related illnesses.  While astronauts are wearing the EMU, 
their environment resides in the space between their body and the bladder of the 
spacesuit.  The limited space creates an increased risk for astronauts to contract heat-
related illnesses because the expelled metabolic heat is unable to dissipate away from the 
body.  Some heat-related illnesses that endanger astronauts include heat stroke, heat 
exhaustion, and hyperthermia (having a body temperature higher than normal).  The 
thermal regulation provided by the LCVG aims to alleviate heat-related risks to the 
astronauts.  Nonetheless, astronauts must still be cognizant of their own physiological 
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limits to further reduce the risk of improper thermal regulation.  By monitoring the 
astronaut's skin temperature, the astronaut is able to discern whether they must relax to 
allow their body's temperature to decrease.  Comfortable ranges of mean skin temperature 
are shown in Table 2.     




As our core body temperature increases, our body immediately begins the 
physiological processes necessary to regulate our internal temperature.  For astronauts, 
this is a continuous process while they are working in the spacesuit.  This process quickly 
becomes fatiguing and can translate into psychological challenges such as impaired 
judgment and confusion.  A state of confusion could result in errors by the astronaut or 
create a dangerous working environment.  While working in space, having a momentary 
lapse in cognition can create a dangerous situation for not only the astronaut but also for 
their crewmates.   Therefore, it is important that heat storage in the body is managed well 
before the crew member’s physiological limits. 
Heated environments are not the only environments that induce physiological and 
psychological reactions.  For similar reasons as exposure to intense heat, uncomfortably 
cool environments can also induce physiological and psychological complications.  For 
example, after the explosion of the oxygen takes on the Apollo 13 mission, the crew was 
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instructed to terminate all power in the service module and the lunar module to conserve 
power for reentry (Cortright, 1970).  Due to the power cut-off, the environmental 
temperature in the service module and the lunar module dropped significantly (Lovell & 
Kluger, 2006).  Once the body’s core temperature begins to decrease, physiological 
processes begin to stave off the onset of hypothermia (having a body temperature below 
normal) (Armstrong, 2000).  One of the most noticeable traits of hypothermia is 
shivering.  The body will shiver until the core temperature reaches 31.0°C (87.8°F) 
(Armstrong, 2000).  The maximum severity of shivering occurs around 35.0°C (95.0°F) 
(Armstrong, 2000).  The physical action of prolonged shivering fatigues the body rapidly 
because the muscles are constantly moving and using energy.  Parallel to heated 
environments, the fatigue experienced from the physiological processes to raise the 
body's temperature creates psychological challenges that impact cognition.  This can put 
not only the astronaut in danger but could also put their crewmates at risk. 
 
Gas-cooled Garments 
Before the development of liquid-cooled garments, spacesuits used a gas cooling 
system to regulate the astronaut’s body temperature.  The gas cooling system relied on a 
combination of convection and evaporation to remove metabolic heat produced by the 
astronaut (Nunneley, 1970).  Gas cooling systems were utilized during the Mercury and 
Gemini missions and were also part of the prototype Apollo spacesuits (Nunneley, 1970).    
Initially, the gas cooling system seemed sufficient for the amount of work 
completed by the Mercury and Gemini astronauts.  However, subsequent altitude 
chamber tests revealed that the gas cooling system had the capacity to only account for 
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around 300 kcal/hr (Nunneley, 1970).  After reaching this threshold, the crew member 
would experience minimal thermal regulation from the system.  The problem was that 
while completing small tasks in the capsule, the astronauts were already coming very 
close to the cooling system's limit due to working against the suit's pressurization 
(Nunneley, 1970).  This notion was further tested during the first American spacewalk 
completed on 3 June 1965 during the Gemini IV mission by Ed White (Dunbar, 2017).  
While completing the spacewalk, Ed White found performing even the simplest tasks 
were difficult due to the pressurization of the suit.  The higher workload necessary to 
complete the mission tasks caused Ed White to expel more metabolic waste than what the 
gas cooling system could account for.   
During the Gemini IX and XI spacewalks, the crew was expected to perform more 
strenuous tasks compared to Ed White’s spacewalk.  Due to the level of intensity for each 
task, the carbon dioxide scrubbing and cooling capabilities of the suit were completely 
overloaded (Nunneley, 1970).  This caused the astronauts to experience dangerous 
conditions within the suit including extreme fatigue, high pulse rates, and fogging of 
visors (Nunneley, 1970).  These conditions made it impossible for the crew members to 
complete their tasks and therefore the EVAs were cut short (Nunneley, 1970).  To ensure 
each EVA could be completed thereafter, the remaining Gemini EVA missions were 
tailored to the capacity of the gas cooling system (Nunneley, 1970).  Figure 1 shows the 
thermal shortfalls of the gas cooling system.  The figure shows that with increases in 
metabolic rates the heat storage becomes unbearable without more thermal regulation.   
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Figure 1.  Thermal inadequacy with gas-cooled garments (Nunneley, 1970). 
 
Liquid-cooled Garments 
Liquid-cooled garments made their debut in the early 1950s when the Royal Air 
Force (RAF) started experimenting with a liquid cooling vest (Thomas & McMann, 
2011).  This effort was in response to the RAF flight surgeons trying to keep the pilots 
cool in the cockpit.  After some trials, the RAF surgeons found that a full torso liquid 
cooling garment would accommodate the pilot's needs for cooling.  Fabrication of the full 
torso cooling garment was completed in 1962 by the Royal Aircraft Establishment 
(Figure 2) (Thomas & McMann, 2011).  NASA soon learned about the liquid cooling 
garment from Dr. John Billingham, an RAF flight surgeon, and began working with the 
RAF to borrow their prototype (Thomas & McMann, 2011).  The garment produced by 
the RAF for NASA included 40 polyvinyl chloride tubes attached to a heavy, tightly knit 
material that did not allow for any evaporative cooling (Nunneley, 1970; Thomas & 
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McMann, 2011).  NASA shared the idea of the garment with Hamilton Standard and 
contracted them to fabricate a similar LCG for the upcoming Apollo missions (Thomas & 
McMann, 2011). 
 
Figure 2.  Full torso water cooled garment fabricated by the Royal Aircraft 
Establishment in 1962 (Nunneley, 1970) 
 
Following several iterations produced by Hamilton Standard, the final LCG worn 
by the Apollo astronauts came into fruition in 1965 (Thomas & McMann, 2011).  The 
Apollo LCG featured 40 looped circuits in parallel sewn inside an elastomeric mesh long 
underwear garment with a chiffon liner (Nunneley, 1970; Thomas & McMann, 2011).  
Each tubing circuit began and ended at a manifold located at mid-torso (Thomas & 
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McMann, 2012).  As shown in Figure 3, liquid cooling in the Apollo garment was 
provided over the entire body excluding the head, neck, hands, and feet. 
 
Figure 3.  Apollo liquid cooled garment (Nunneley, 1970) 
 
The Apollo LCG had a fixed flow rate of 1.8 liters per minute and allowed the 
astronaut to manually choose a water inlet temperature of 6.7°C (44°F), 15.5°C (60°F), or 
22°C (71°F) (Nunneley, 1970).  The Apollo LCG design was rated to consistently handle 
metabolic loads of 400 kcal/hr with short peaks of 500 kcal/hr (Nunneley, 1970; Thomas 
& McMann, 2011).  The Apollo mission coordinators recalled the conditions the Gemini 
astronauts endured during EVA and subsequently tailored the lunar EVAs to not exceed 
the limits of the LCGs (Nunneley, 1970).    
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Liquid Cooling and Ventilation Garment (LCVG) 
 
The Space Shuttle era brought an enhanced LCG that included a ventilation 
system.  This garment is known as the Liquid Cooling and Ventilation Garment (LCVG) 
and is currently used with the EMU (Figure 4).  As with the Apollo LCG, the restraint 
and liner layers of the LCVG are constructed with a nylon spandex mesh and a 
lightweight nylon tricot material, respectively (Ayrey, 2007).  Woven through the nylon 
spandex mesh restraint layer are 48 ethyl vinyl acetate tubes that run parallel to each 
other (Watts & Vogel, 2016).  The tubing runs the length of the torso and to each 
extremity, terminating at the wrist, ankle, and neck.  Crew members have the option to 
vary the water temperature with manual controls that adjust the water's flow rate through 
the garment (Koscheyev & Leon, 2014).   
Attached to the back of the LCVG is the Vent Plenum Assembly (Figure 4).  This 
system is comprised of four flexible tubes that run the length of each arm and leg through 
tunnels sewn on the outside of each extremity.  The system uses negative pressure to 
extract nitrogen build up in the lower extremities as well as promotes evaporative cooling 
(Ayrey, 2007; Watts & Vogel, 2016).  The addition of the ventilation system allows the 
garment to manage higher metabolic rates and encourages air circulation in the EMU. 
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EVOLUTIONS IN LIQUID COOLING GARMENTS 
 
LITERATURE REVIEW 
Biological Tissue Reactions to Temperature 
 
The ideal thermal regulating garment would achieve total body comfort regardless 
of the intensity of the work completed.  By using physiology to determine the location of 
tubing in thermal regulation garments, total body comfort becomes more attainable.  
Assessing heat flux profiles of different body zones indicates where the body is most 
receptive to temperature changes and ultimately guide the development of LCG tubing 
placement.  According to Koscheyev, Leon, and Treviño (2002), the areas of the body 
that most efficiently transfer heat are areas with high-density tissue and complex blood 
vessel networks.  In other words, areas of the body that have a greater proportion of 
bones, ligaments, and tendons are prime target areas.  These areas of interest include the 
head, neck, upper torso, vertebral column, ribs, forearms, and the inner thighs (Ferl et al., 
2008).  In Table 3, provided by Koscheyev, Coca, Leon, & Dancisak (2002), the mean 
heat outflow from areas on the body are compared to distinguish the efficient heat 
transfer zones.
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Table 3.  Mean heat outflow from different body zones (Koscheyev, Coca, Leon, and 
Dancisak, 2002) 
 













a. Feet 0.14 11.52 290 -1.32 ± 0.08 c, d, e, h -3.96 b, c, d, e, f, g 
b. Calves 0.26 9.00 1120 -1.59 ± 0.26 c, e -1.58 a, c, d, e, h 
c. Thighs 0.38 38.54 640 -2.12 ± 0.14 a, b, e, f, 
h 
-0.86 a, b, d, e, h 
d. Torso 0.70 54.58 665 -2.12 ± 0.13 a, e, f, h -0.58 a, b, c, e, f, g, h 
e. Head 0.14 4.91 165 -0.56 ± 0.04 a, b, c, 
d, f, g, h 
-6.88 a, b, c, d, f, g, h 
f. Shoulders 0.14 9.56 1105 -1.39 ± 0.26 c, d, f -1.32 a, d, e, h 
g. Forearms 0.14 10.66 1115 -1.67 ± 0.29 e, h -1.40 a, d, e, h 
h. Hands 0.10 4.40 475 -0.97 ± 0.07 a, c, d, 
e, g 
-4.65 b, c, d, e, f, g 
Total 2.00 143.17    
* Body zones: Superscript letter designates the zones that were significantly different 
form each other at p < 0.05. 
† Table was transcribed from the original for quality purposes. 
 
 
When analyzing heat flux variations across the body, the amount of fat, muscle, 
surface area, and mass alter the location's thermal efficiency.  According to Koscheyev 
and collogues (2002), adipose tissue, i.e., fatty tissue, acts as an insulator and has a rather 
low thermal conductivity level.  These areas do not respond to heat extremes well and 
affect the body’s ability to thermally regulate the core temperature.   
A similar phenomenon takes place with muscle tissue according to Koscheyev et 
al. (2002).  Muscular tissue reacts to cold stress through vasoconstriction.  
Vasoconstriction is a physiological response where the blood vessels in the body constrict 
and reduce blood flow (Armstrong, 2000).  This reaction creates an insulating barrier just 
as the adipose tissue does with heat.  However, unlike adipose tissue which is a high 
insulation barrier regardless of location on the body, the influence of muscular tissue 
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varies between locations on the body (Koscheyev et al., 2002).  The effect of muscular 
tissue against cold stresses also varies with the rate at which blood is flowing through the 
tissue (Koscheyev et al., 2002).  This is due to the ratios of adipose tissue and the skin 
surface area in different areas of the body.   
According to Ferl et al. (2008), the head and neck are favorable locations for 
cooling.  Ferl et al. (2008) cite that the head and neck zones posses heat transfer 
capabilities on the order of approximately 30% to 35%.  This report is also in agreement 
with Table 3 by Koscheyev et al. (2002).  The higher heat transfer capabilities are due to 
the blood vessels that reside in the head and neck region of the body.  The blood vessels 
have an abundant supply of blood flowing through them because they are continuously 
dilated (Ferl et al., 2008).  This makes it possible to remove more heat using a lower flow 
rate in a liquid cooling garment.  Moreover, the large number of sensory receptors in the 
head and neck region provide the psychological feeling of thermal comfort even if the 
rest of the body is warm. 
Though the head and neck are favorable for regulating the body's temperature, it 
is not practical to expect that only heating or cooling the head and neck will achieve 
complete thermal comfort.  From Table 3 and the reporting from Ferl et al. (2008), we 
know that other body areas are able to regulate the body's temperature.  The Wissler 
model or the 41 Node Metabolic Man model is utilized to aid in mapping and calculating 
the makeup of a body zone which leads to identifying areas of interest for thermal 
regulation.  Each model uses concentric cylinders to simulate muscle, fat, bone, and skin 
(Pisacane, Kuznetz, Logan, Clark, & Wissler, 2007).  Calculations that correspond with 
the models take into account the vascular system, including the arteries, veins, and 
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capillaries (Pisacane et al., 2007).  The two models differ in the number of nodes 
represented.  The Wissler model, as depicted in Figure 5, is comprised of 15 elements, or 
zones of the body, with 15 nodes in each element, for a total of 225 nodes (Pisacane et 
al., 2007).  The 41 Node Metabolic Man model considers only 10 elements with 4 nodes 
in each element, for a total of 41 nodes (Figure 6) (Pisacane et al., 2007).  The Wissler 
model and 41 Node Metabolic Man model provide a clearer understanding of how tissue 
density and surface area interact for thermal regulation in different zones of the body. 
 





Figure 6.  41 Node Metabolic Man model (Song, 2017) 
 Recall that adipose and muscular tissue are powerful insulative barriers toward 
conductive heat flow, and thus affect the body's ability for effective thermal regulation 
(Koscheyev et al., 2002).  These areas of the body should be avoided in the design of a 
highly thermally efficient cooling garment.  Both the Wissler model and the 41 Node 
Metabolic Man model are tools that can be used to represent the heat flux profiles of 
these body zones for the design of an efficient cooling garment.    
There are numerous studies regarding heat dissipation measurement for particular 
zones of the body.  A downfall in research pertaining to thermal regulation resides in 
understanding how the different tissues react to a wide range of temperatures in a short 
period of time (Koscheyev et al., 2002).  It is necessary to understand how body tissues 
react in different zones for various lengths of time as thermal regulation garments 
become more advanced to ensure adequate thermal regulation is provided.     
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Koscheyev et al. (2002) and Ferl et al. (2008) discuss that the head and neck 
zones allow high heat transfer capabilities due to the inability of the blood vessels to 
constrict.  In addition to blood vessels in the head and neck being continuously dilated, 
both zones posses very little adipose and muscular tissue.  Locations consisting of little 
adipose and muscular tissue also include the hands and feet (Koscheyev & Leon, 2014).  
Consideration of extending cooling and warming garments to the extreme ends of the 
body (head, hands, and feet) may allow better thermal regulation throughout the body.  
Based on the biological tissue principles discussed earlier, these areas have the best heat 
transfer capabilities and would allow the thermal garment to be more thermally efficient. 
 
Tubing Geometry 
Tubing geometry has a significant effect on the thermal performance of an LCG.  
The diameter and flexibility of the tubing can change the contact surface area between the 
tubing and the skin.  Without constant contact between the tubing and the skin, the LCG's 
heat transfer capabilities diminish.  Contact discrepancies can be attributed to an incorrect 
ratio between the wall thickness and the diameter of the tube.  Ferl et al. (2008) state that 
as the ratio between the wall thickness and the tubing diameter decreases, the burst 
strength also decreases.  This presents a greater tendency for the tubing to kink and to 
create gaps in the contact surface area between the skin and tubing.  To avoid the 
possibility of the tube kinking, LCGs typically use tubing with a 3/16 inch to 1/4 inch 
outer diameter (OD) and 1/32 inch to 3/16 inch inner diameter (ID) (Ferl et al., 2008).  
The tubing geometry used in the current EMU LCVG has a circular cross-section with a 
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1/8 inch OD with a 1/16 inch ID, and a wall thickness of 1/32 inches (Conger & 
Makinen, 2016).   
Circular cross-section tubing is favored because it provides the flexibility to route 
the tubing as needed and it is easily manufactured.  Circular cross-section tubing with 
smaller diameters, such as that used in the EMU LCVG, also provides more flexibility, 
which allows the tubing to conform to the body (Ferl et al., 2008).  Though these reasons 
are strong contenders for continued use of circular cross-section tubing, the use of shaped 
tubing must not be discarded.  Shaped tubing has the ability to provide considerably more 
contact surface area between the tubing and skin.  When considering shaped tubing, the 
correct ratio between the tubing’s diameter and wall thickness is a significant factor to 
consider to ensure the tubing preserves its shape.  The improper ratio can cause the 
shaped tubing to take on a circular cross-section (Ferl et al., 2008).  This deformation will 
minimize the contact area between the skin and tubing, which will decrease potential heat 
transfer increases.  When selecting tubing with a circular cross-section, the possibility of 
the tubing deforming under pressure is eliminated.   
Ferl et al. (2008) conducted a trade study comparing heat transfer profiles of 
various tubes versus tubing contact with the skin in a hood.  The results indicated that an 
oval tube could provide higher thermal regulation in comparison to circular tubing 
(Figure 7) (Ferl et al., 2008).   However, oval tubing has a tendency to adopt a circular 
cross-section once water is pressurized through the tubing (Ferl et al., 2008).  Figure 7 
depicts that as oval cross-section tubing takes on a circular cross-section the heat transfer 
rate diminishes significantly.   
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Figure 7.  Heat transfer capability for different tubing geometry and wall thickness for a 
hood on and LCVG (Ferl et al., 2008) 
 
When evaluating tubing for cooling or warming garments, the tubing diameter, 
wall thickness, and flexibility are all factors that influence thermal efficiency.  These 
factors must be in the correct ratio in relation to each other to allow maximum surface 
contact between the tubing and the skin.  A place where tubing is not in contact with the 
skin lessens the thermal efficiency of the garment. 
Conger and Makinen (2016) studied the feasibility of using a flat rectangular 
tubing configuration on the torso.  The rationale behind administering this analysis was 
that if thermal efficiencies are improved upon, then the water temperature within the 
LCVG could be increased (Conger & Makinen, 2016).  Moreover, the crewmember 
would not need to wear a full-length cooling garment due to the thermal efficiency in the 
torso region (Conger & Makinen, 2016).   
In Figure 8 it is evident that the flat rectangular tubing does provide more surface 
area contact with the skin in comparison to the current LCVG tubing.  The flat 
rectangular tubing fabricated provided 1-13/16 inches contact surface area with the skin 
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(Conger & Makinen, 2016).  The tubing was comparable to the LCVG tubing in that the 
height was 1/16 inch and the wall thickness was 1/32 inches (Conger & Makinen, 2016).  
The results of the study proved that the flat rectangular tubing performed 2.7 to 3.5 times 
better than the current LCVG tubing in removing heat across various flow rates (Conger 
& Makinen, 2016).  These favorable results provide a basis for continuing to test various 
tubing geometries for future LCVGs.     
    
Figure 8.  Left: Skin contact area with current LCVG tubing Right: Skin contact area 
with flat rectangular tubing geometry (Conger & Makinen, 2016) 
 
Shitzer, Chato, and Hertig (1971) state that there are only two ways to configure 
tubing across the body; perpendicular or parallel to the axis of a cylindrical body zone 
(Figure 9, 10).  Shitzer et al. (1971) continue by stating that an intermediate option 
including a combination of perpendicular and parallel routing configurations is also 
viable.  The two main options assume that the body can be represented by cylinders, as 
the Wissler model and 41 Node Metabolic Man model indicate.  Shitzer et al. (1971) 
furthers the idea by separating areas of the body with larger diameters, such as the torso 
and thighs, and replacing these zones with strips that have rectangular cross-sections 
(Figure 11).   
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Figure 10.  Tubing running parallel to the axis of the cylinder (Shitzer, Chato, & Hertig, 
1971) 
 
Figure 11.  Larger cylinder divided into a strip with a rectangular cross-section (Shitzer, 
Chato, & Hertig, 1971) 
 24 
The Shitzer et al. (1971) concept can be utilized when creating routing patterns, 
including spacing and placement, for thermal regulating garments.  The concept provides 
a means to calculate the amount of tubing needed over an area of the body.   
Using shaped tubing can complicate the routing patterns in a garment due to the 
tubing’s available flexibility.  Shaped tubing must be able to be formed to run parallel or 
perpendicular to the axis of a cylindrical body zone.  If the shaped tubing is unable to 
meet these requirements, the tubing will not have constant contact with the skin.  To 
allow shaped tubing to contour with the body, employing a molding technique to the 
turnaround points may alleviate areas of non-contact.  In the feasibility study conducted 
by Conger and Makinen (2014), turnaround points were eliminated, and the tube routing 
was confined to horizontal sections across the torso.  However, lacking in Conger and 
Makinen’s (2014) experiment was a test subject.  It is unknown whether eliminating the 
turnaround points would mitigate non-contact areas, or whether the garment would be 
more prone to kinking with torso movements due to the large shape.   
Increasing the surface contact area between the skin and tubing is only effective if 
the makeup of the tissue below the tubing is conducive to the cooling or warming effects 
of the garment.  It is important to keep in mind that thermal efficiencies vary from person 
to person.  Further studies may reveal that utilizing certain tubing geometries draw too 
much metabolic heat away from the body.  Studies may also find that some tubing 
geometries are not able to be fabricated with the necessary tubing diameter to wall 




Redundant Loop Liquid Cooling and Ventilation Garment (RL-LCVG) 
 
Oceaneering Space Systems developed an LCVG called the Redundant Loop 
Liquid Cooling and Ventilation Garment (RL-LCVG) (Figure 12).  The RL-LCVG adds 
an auxiliary cooling loop to the garment that runs parallel to the primary cooling loop in 
the torso and upper legs (Watts & Vogel, 2016).  The purpose behind adding an auxiliary 
loop to the LCVG was that the loop would offload crew cooling requirements from the 
system (Watts & Vogel, 2016).   
 
Figure 12.  Oceaneering Space System’s RL-LCVG (Watts & Vogel, 2016) 
 
Cooling configuration studies completed by Ferl et al. (2008) show that 
decreasing the space between the cooling lines increases the thermal transfer ability.  
Decreasing the space between cooling lines also allows more uniformed cooling across 
the skin (Ferl et at., 2008).  According to Watts and Vogel (2016), the measured EMU 
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LCVG heat gains were consistently higher than the RL-LCVG while only the primary 
loop was running.  This is an interesting outcome considering the total tubing length in 
the LCVG is 75% greater compared to the RL-LCVG (Watts & Vogel, 2016).  However, 
due to the RL-LCVG's primary loop routing configuration, it makes sense that the RL-
LCVG surpassed the EMU LCVG.  In the event that only the auxiliary cooling line has 
water flowing, the crew member can expect an average metabolic rate of 303 kcal/hr to 
be removed (Watts & Vogel, 2016). 
With the addition of the auxiliary cooling line in combination with the increased 
heat transfer capabilities of the primary loop in the RL-LCVG, there is a potential for 
overcooling to occur.  This conclusion stems from the performance capabilities of the 
RL-LCVG reported by Watts and Vogel (2016).  The RL-LCVG seems to be better 
suited for terrestrial EVAs over microgravity EVA due to its thermal efficiency.  If the 
RL-LCVG were to be used for EVA in microgravity, calculations for maximum inlet 
water temperature would need to be made to correspond with metabolic rates to prevent 
overcooling.  Watts and Vogel (2016) state the locations with high-density tubing are 
located over body zones that are highly susceptible to cold stress.  Therefore, the 
calculations used would also need to take into account the location of the high-density 
tubing locations. 
Once EVAs are performed on planetary surfaces, astronauts will be required to 
travel long distances from a safe haven.  The astronauts will also be working against the 
planetary body's gravity, albeit a fraction to Earth's.  Nevertheless, both of these 
conditions support the concept for adding an auxiliary loop to an LCG.  Adding an 
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auxiliary cooling loop to a cooling garment provides redundancy in the case of 
emergency situations, as well as allowing additional cooling during heavy workloads.      
  
Exploration Cooling Garment (ExCG)  
 
The Exploration Cooling Garment (ExCG) is an effort to improve LCGs 
conducted by ILC Dover in collaboration with the University of Minnesota and NASA.  
The main objectives for the ExCG were to 1) create a cooling garment that had a high 
technology readiness level, 2) accommodate high metabolic loads, and 3) allow 
unrestricted mobility to the crew members (Ferl et al., 2008).  A large focus was placed 
upon the anatomical placement of the cooling loops to ensure maximum heat transfer 
abilities within the garment.   
The studies linking ideal cooling line placement with physiological zones of the 
body drove the overall design of the ExCG.  Two notable features of the ExCG are that 
the garment includes a hood for head and neck cooling, and the garment is shortened in 
the leg portion by terminating just above the knee (Figure 13).  The design modifications 
to the garment decreased the number of tubing circuits for the lower body.  According to 
Ferl et al. (2008), shortening the tubing circuits in the lower body provides better 
uniformity in cooling.  This is because the tubing is in contact with less skin area and, 
therefore, the tubing will pass cooler water over the skin.     
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Figure 13.  Drawing of Ex-CG carrier structure and tubing placement (Ferl et al., 2008). 
The ExCG utilizes circular tubing manufactured with the same material used in 
the EMU LCVG with a thinner wall thickness than found in the EMU LCVG tubing (Ferl 
et al., 2008).  The design this tubing facilitates optimal heat transfer between the cooling 
line and the crew member (Ferl et al., 2008).  Decreasing the tubing wall thickness 
allowed the cooling line routing pattern to include body zones with optimal heat transfer 
capabilities (Ferl et al., 2008).  Other tubing cross-sections, such as oval tubing, were 
considered in the study conducted by Ferl et al. (2008).  Further research conducted 
revealed that larger diameters and wall thicknesses had a tendency to kink at the 
turnaround points and deform.  Ultimately, the anatomical placement of the tubing was 
compromised with the use of other tubing cross-sections.   
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The ability for the cooling garment to maintain an astronaut’s level of thermal 
comfort relies heavily on the anatomical placement of the tubing.  As previously 
discussed, optimal areas to route tubing for cooling lines are areas with high-density 
tissue and areas with complex blood vessel networks (Ferl et al., 2008; Koscheyev et al., 
2002).  With this information, Ferl et al. (2008) decided upon including a hood to the 
cooling garment design, recalling that the head and neck zones have heat transfer 
capabilities around 30% to 35%.  Adding the hood to the garment increases the overall 
thermal efficiency of the cooling garment.  The hood also allows the garment to account 
for larger metabolic waste.    
An argument against adding a hood to a cooling garment is that individuals with 
more hair may not feel much of the effect the hood offers.  Conversely, routing cooling 
lines to the neck is logical in that there are no obstructions between the cooling lines and 
the skin.  Blood vessels in the neck are continuously dilated regardless of the temperature 
stresses placed on the body (Ferl et al., 2008).  With the addition of cooling lines over the 
neck region, thermal comfort across a broad range of metabolic rates is achievable (Ferl 
et al., 2008).    
The ExCG is vastly different in design compared to the EMU LCVG.  The 
progressive thought used in fabricating the ExCG provides the capability to increase 
thermal regulation through the anatomical placement of tubing.  The capabilities of the 





Minnesota Advanced Cooling Suit (MACS-Delphi) 
 
A precursor to the ExCG was the Minnesota Advanced Cooling Suit (MACS-
Delphi) created by the University of Minnesota.  As with the ExCG, this garment 
integrates a hood and terminates just above the knee.  As a pioneer in anatomical tubing 
placement, the MACS-Delphi increases heat transfer between the crew member and the 
garment (Koscheyev and Leon, 2014).  By only routing tubing to areas of the body highly 
receptive to heat transfers, the MACS-Delphi garment is able to decrease the weight of 
the garment while increasing the overall thermal efficiency.  Due to the anatomical 
placement of the tubing, the MACS-Delphi garment is able to provide thermal comfort 
across a wide variety of metabolic loads.      
The decision to design the MACS-Delphi as a shortened garment was based on 
biological tissue principles (Koscheyev & Leon, 2014).  The garment targets areas of the 
body that contain a high density of biological tissues, such as bones and connective 
tissue.  With routing tubing only to receptive physiological locations, the garment covers 
only 60% of the body while still being effective (Koscheyev et al., 2004).  This allows 
crew members wearing the garment to have less restriction in movement as they 
complete their tasks.  According to Koscheyev and Leon (2014), MACS-Delphi can 
maintain the desired level of comfort for extended periods of time.  This is achieved 
because temperature fluctuations are minimized over various workloads due to the 
anatomical placement of cooling lines (Koscheyev & Leon, 2014).  According to 
Koscheyev and Leon (2014), there is approximately 39% less tubing in the MACS-
Delphi compared to the current EMU LCVG.  Nevertheless, the MACS-Delphi performs 
better than the EMU LCVG due to the placement of the cooling lines. 
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Koscheyev, Leon, Coca, Ferl, and Graziosi (2004) performed a study to 
specifically examine the performance between a shortened cooling garment and a full-
length LCVG.  Core body temperature measurements were recorded as subjects worked 
on a treadmill at a specific rate for a determined amount of time (Koscheyev et al., 2004).  
The results determined that, in conjunction with tubing placement, a shortened cooling 
garment can produce the same, if not slightly better, thermal regulation compared to the 
current EMU LCVG (Koscheyev et al., 2004).    
To maximize the thermal regulation capabilities of the MACS-Delphi, Koscheyev 
and Leon (2014) assessed the effectiveness of tubing bypasses.  Tubing bypasses are not 
a new concept for cooling garments.  In the past, bypasses were used to completely turn 
off cooling to the astronaut while the cooling system continued to cool the electronics 
(Thomas & McMann, 2011).  In the study conducted by Koscheyev and Leon (2014), 
bypasses are separate tubing lines that guide the used water, or warmer water, to cooler 
places of the body to warm themselves in an emergency.   
In the current EMU LCVG, the hands and feet are not thermally regulated and 
typically get colder quicker than other parts of the body.  A study for MACS-Delphi 
conducted by Koscheyev, Coca, Leon, and Treviño (2005) evaluated the transfer of 
biological heat in cold conditions.  The focus of the study evaluated ideas to stabilize 
finger comfort.  The results from Koscheyev et al. (2005) study concluded that 
independent tubing bypasses connecting the hood of the MACS-Delphi with gloves 
would provide warming to the hands.  This is consistent with Ferl et al. (2008) in that the 
head and neck expel much of the body’s heat.  In the assessment of the study, Koscheyev 
and Leon (2014) concluded that the potential for harnessing heat production from the 
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head and sending it to areas that quickly get chilled is highly plausible.  An argument 
against incorporating a tubing bypass from the hood to the hands resides in the possibility 
of restricting mobility.  Bypass tubing lines that run from the hood to the hands would 
need to be severely oversized to accommodate freedom of movement.  If the bypass lines 
are not sized correctly, the hood could be pulled while the crew member is moving.  This 
could lead to the garment becoming uncomfortable and not perform as efficiently. 
The MACS-Delphi garment reveals that thermal management in a thermal 
garment depends on the anatomical placement of tubing. Moreover, tubing placement can 
account for a larger range in metabolic waste.  Continued improvements on the 
overarching ideas of the MACS-Delphi will allow astronauts to complete long and 





To test the featured hypothesis for this study – Semi-circle cross-section tubing 
will provide better thermal regulation across a wide range of temperatures compared to 
the current LCVG tubing – individuals wore forearm sleeves with different tubing 
geometries.  Measurements of the subject’s skin surface temperature were obtained 
before and during experiments to determine the effectiveness of the selected tubing 
geometries.  Each subject wore the same three forearm sleeves for a designated amount 
of time while in the same environmental conditions.  The following sections will provide 
the details concerning the methods undertaken for this research. 
   
PRELIMINARY DATA COLLECTION 
 As suggested by the research presented regarding how biological tissue reacts to 
temperature, it is important to identify the locations of the body that respond well to 
thermal regulation.  To identify, and further validate previous research indicating regions 
of thermal sensitivity, three male subjects participating in the University of North 
Dakota’s Luna/Mars Analog Habitat Spring 2018 mission wore skin surface temperature 
sensors (Figure 14 and 15).  Skin surface temperatures were measured every second from 
one subject performing an EVA and stored on an SD card.  Temperature measurements 
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were collected during each of the five scheduled EVAs, of which, the subjects 
experienced various exertion levels.  Only one subject completing the EVA wore the 
temperature sensors during each EVA and was selected at random by the crew.      
 
Figure 14.  Skin temperature sensor device 
The subject used medical tape to secure the temperature sensor to the designated 
location on the body.  An elastic band with a pocket sewn on was used to hold the rest of 
the temperature sensor suite next to the temperature sensor (Figure 15).  The designated 
locations for skin surface temperature sampling are illustrated in Figure 16.  The decision 
to use this method to capture average skin temperatures came from the need for free 
movement within the analog spacesuit. 
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Figure 15.  Skin temperature sensor device worn 
 
 
Figure 16.  Temperature sensor locations 
Following each EVA, the recorded skin temperature measurements were uploaded 
to a file and later extrapolated to find which sensors recorded the warmest skin 
temperature.  Mean skin surface temperatures were calculated to determine the locations 
 36 
of the body with warmer surface temperatures.  As shown in Figure 17 the upper arm, 
lower torso, and forearm resulted as being the warmest.  The temperatures collected on 
the lower back recorded lower than expected (temperature sensor number 6).  A further 
inspection determined that the fan for the analog spacesuit blew over this area and 
skewed the results.  Upon this finding, it was concluded to omit the lower back as a 
potential area of study and not report the data due to its skewed results.  Based on the 
obtained body zone temperatures and accessibility, the forearm was selected for this 
research.  
 




































The main purpose of this study was to examine a tubing geometry with the 
potential to provide better thermal regulation over the current EMU LCVG tubing.  A 
semi-circle cross-section was selected because it provided a large surface area and had 
little potential for deformation due to water pressure.  Due to the geometry of the semi-
circle, it was impossible to obtain the radius needed at the turnaround points at the wrist 
using a straight piece of tubing.  To facilitate the turnaround points and the geometry of 
the tubing, the tubing was 3-D printed with the turnaround point in place using 
Thermoplastic Polyurethane (TPU) filament (Figure 18 and 19).  Provided in Appendix A 
are the technical specifications for the TPU filament used.  To provide material 
consistency and allow a direct comparison between the circular cross-section EMU 
LCVG tubing and the selected geometry, the circular cross-section tubing was also 3-D 
printed using the TPU filament with the turnaround point already in place (Figure 20 and 
21).  By 3-D printing both tubing cross-sections, the potential for different material 
performances was eliminated.   
 






Figure 19.  Semi-circle cross-section tubing end 
 
 
Figure 20.  Circle cross-section tubing 
 
 
Figure 21.  Circle cross-section tubing end 
The side length of each tube is 225.40 mm long with a turnaround radius equaling 
9.00 mm (Figure 22 and 23).  The total surface area of the circular cross-section tubing is 
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4,778.56 mm2.  The contact surface area of the circular cross-section tubing was 
calculated by dividing the total surface area by two, then dividing the result by two.  The 
resulting approximated contact surface area of the circular cross-section tubing equaled to 
1,194.64 mm2.  The method used to calculate the contact surface area for the circular 
cross-section was determined by visual evaluations considering how much pressure the 
sleeve was putting on the tubing and pushing on the skin.  The forearm sleeves did not fit 
tightly on the subjects' forearms and therefore did not push hard against the skin's surface.  
The semi-circle cross-section tubing has a total surface area of 5,480.28 mm2.  The 
contact surface area of the semi-circle cross-section tubing equaled to 1,835.81 mm2.  
The amount of contact between the semi-circle cross-section tubing and the skin was 
determined by calculating the surface area of the flat bottom of the tube.  As a third 
option of tubing considered in this study the semi-circle cross-section tubing was inverted 
to create an inverted semi-circle cross-section tube where the rounded side of the semi-
circle cross-section was in contact with the skin.  The contact surface area of the inverted 
semi-circle cross-section tubing equaled 1,441.85 mm2.  The contact surface area of the 
inverted semi-circle cross-section tubing was calculated by dividing the rounded side’s 
surface area by two.  This method was selected due to the larger radius of the rounded 
side of the inverted semi-circle cross-section in contact with the skin as opposed to the 
circular cross-section tubing.  The presented surface areas and contact surface areas 




Figure 22.  Circle cross-section tubing 
 
Figure 23.  Semi-circle cross-section tubing 
A concentration was placed on ensuring equal volume in each tubing option while 
designing the tubing cross-sections.  The design decision allowed the water flow rate to 
be equal between the tubing cross-sections and therefore provided the means to prove if 
the tubing’s geometry made a difference in heat transfer.  The circular cross-section 
tubing emulated the current LCVG tubing dimensions with an OD of 3.17 mm, an ID of 
1.59 mm, and a wall thickness of 0.79 mm (Figure 24).  The calculated volume of the 
circular cross-section tubing equaled 949.93 mm3.  To accommodate an equal volume in 
both tubing cross-sections, it was necessary to increase the inner and outer diameter for 
the semi-circle cross-section tubing from the circular cross-section tubing.  The semi-
circle cross-section tubing was designed with an OD of 3.83 mm, an ID of 2.26 mm, and 
a wall thickness of 0.79 mm (Figure 25).  The volume of the semi-circle and inverted 
semi-circle cross-section tubing equaled 951.12 mm3.  The 1.19 mm3 difference is likely 
due to rounding when using the measurements from the modeling software and 
considered negligible when taking into account the flow rate.             
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Figure 25.  Semi-circle cross-section tubing cross-section 
 Transporting the water between the water pump and forearm sleeve was a vinyl 
tube with a 9.53 mm OD and a 6.35 mm ID.  The tubing, known as paratubing, is similar 
to what is used on the current LCVG to transport the water between the Portable Life 
Support System (PLSS) and LCVG.  The paratubing used in this research is a 
commercial off-the-shelf (COTS) product.  The paratubing was cut into six two-foot 
lengths for connection between the water pump and the paratube manifolds, and 12 one-





All the manifolds used in the forearm sleeve assembly were 3-D printed using 
Polylactic Acid (PLA) filament.  The technical specifications for the PLA filament are 
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provided in Appendix A.  Due to the properties of PLA, micro holes are inevitable in a 
build.  To ensure a watertight seal, each manifold was encased with a waterproof silicone. 
The paratube manifold design was driven by the length of the tubing in the 
forearm sleeve (Figure 26).  Due to print bed constraints on the 3-D printer, it was 
necessary to have two inlet and two outlet points on each sleeve.  With the water pump 
having only one inlet and one outlet, the paratube manifold was designed to split the 
water coming from the water pump into two paratubes, and merge the water coming from 
the sleeve down to one paratube.  Appendix B provides the primary measurements of the 
paratube manifold. 
 
Figure 26.  Paratube manifold 
To allow proper connection between the paratubes and the fabricated tubes, 
manifolds for both tubing cross-sections were designed (Figure 27 and 28).  Appendix B 
provides the primary measurements of each manifold type.   
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Figure 27.  Circle cross-section tubing manifold 
 
 
Figure 28.  Semi-Circle cross-section tubing manifold 
Residing in the circular cross-section tubing and semi-circle cross-section tubing 
manifold are reservoirs (Figure 29).  Incorporating a reservoir into the manifold design 








 For consistency between the EMU LCVG and this study, the fabrics used to 
fabricate the forearm sleeves are the same materials used to fabricate the EMU LCVG.  
The restraint, or outer layer, is an elastic mesh material that allows the tubing to be 
woven through (Figure 30).  The liner, or inner layer, is nylon chiffon facilitating as a 
comfort layer between the skin and the tubing (Figure 31).     
 
Figure 30.  Semi-circle cross-section tubing woven through the restraint. 
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Figure 31.  Comfort layer 
Three forearm sleeves were fabricated for this study; one with a circular cross-
section, one with a semi-circle cross-section, and one where the semi-circle cross-section 
tubing was inverted.  The forearm sleeve with the inverted semi-circle cross-section 
tubing had the tubing woven through the restraint so that the rounded side was in contact 
with the skin.  This provided assurance during the experiments that the semi-circle cross-
section tubing and circle cross-section tubing properties were similar.  Six fabricated 
tubes with the same geometry were woven through each of the forearm sleeve options.     
The fabrication of each forearm sleeve was identical and modeled after the EMU 
LCVG.  The EMU LCVG uses the diamond pattern of the restraint to weave the tubing 
through the restraint.  At the points where the tubing is woven no more than four, and no 
less than three, diamonds are skipped before threading the tubing back through the 
restraint.  For the EMU LCVG tubing, it is necessary to weave the tubing into the 
restraint at three points for the turnaround points.  The fabricated tubing for this study had 
the turnaround point printed into the tube, so it was unnecessary to weave the turnaround 
points into the forearm sleeve.  After the tubing was woven through the restraint, the 
restraint was stitched together and the comfort liner was integrated by sewing tacks at the 
top and bottom of the sleeve.   
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Following the fabrication of the sleeve, the tubing was attached to the manifolds 
(Figure 32).  Several types of adhesive were tested, including gel super glue, Gorilla 
Glue, and silicone.  It was found that the waterproof silicone used to seal the manifolds 
kept a watertight seal around the tubing while being an acceptable adhesive.  The 
paratubes and paratube manifolds were connected to the assembly using the waterproof 
silicon as well (Figure 33).     
 
Figure 32.  Manifolds and tubing connected 
 
 





 The main experiment in this study was designed to measure how the various 
tubing geometries affected the skin’s surface temperature.  Temperature measurements 
obtained in this study were recorded on an SD card.  The skin temperature, tubing 
temperature, water temperature, and environmental temperature measurements were 
obtained using a 12-channel thermocouple thermometer with K-type thermocouples.  
During the experiments, all temperatures were stored on an SD card in the 12-channel 
thermocouple thermometer at one-second intervals.  The experiments involving human 
participation included four test subjects, two males and two females.  For consistency 
purposes, the left arm was used in all experiments involving test subjects.  The thermostat 
to regulate the environmental temperature was set to 22.8 °C (73 °F) and varied 
approximately ± 1.5 °C while the experiments were performed.  Each test subject 
participated in three forearm sleeve studies as well as a five-minute baseline skin surface 
temperature study.  The participants wore each forearm sleeve variation for one run 
lasting approximately one hour.  All experiments involving test subjects were conducted 




 When 3-D printing it is inevitable for micro-holes to be present in the print.  This 
research used water under pressure, therefore, any micro-holes would result in water 
leaking from the tubing or manifolds and create a pressure drop.  Before the tubing was 
integrated into the restraint of the forearm sleeve each tube underwent a tubing integrity 
test to identify any holes in the tubing.  Each tube was placed in a water bath while air 
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was pushed through the tubing with a modified syringe.  All micro-holes were found with 
evident air bubbles forming on the tube (Figure 34). 
 
Figure 34.  Micro holes found in the tubing 
 Many of the micro holes found were in the turnaround point of the tubing.  This is 
a product of the 3-D printer’s printing capabilities.  Once the micro-holes were identified, 
the tube was dried off and the areas were repaired.  The micro-holes were repaired by 
smoothing the material around the area with light sweeps of a soldering iron (Figure 35). 
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Figure 35.  Micro hole repair 
 While repairing the micro-holes, it was understood that the thickness of the tubing 
in the areas with repairs would be less than the desired 0.79 mm.  However, due to the 
limited number and the size of the repairs, this was not a concerning factor in the 
remainder of the study. 
 
Water Flow Rate 
 
 The water pump used for this research was the Haake K20.  This water pump 
provided a high and low flow rate option and allowed the water to be dialed to various 
temperatures with the use of a built-in heating circulator and refrigeration circulator.  The 
manual suggests a maximum flow rate of 12.5 l/m using a 12 mm diameter hose while 
using the high flow rate setting.  In this study, the reduced flow rate was selected and 
different sized tubing formed the forearm sleeve assembly.  This directed the need to 
measure the flow rate as part of the comprehensive analysis for this research.  The flow 
rate was measured by allowing water to flow through the forearm assembly and directing 
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the outlet water into a bowl for one minute (Figure 36).  Each tubing cross-section 
underwent the experiment and concluded that the flow rate was equal for each tubing 
cross-section at 0.71 l/min.  The results of this experiment verified that the circular cross-
section tubing and the semi-circle cross-section tubing had an equal internal volume.   
 
Figure 36.  Flow rate measurement 
The substantial difference between the published flow rate in the Haake K20 
Instruction Manual and the calculated flow rate results from the components completing 
the sleeve assembly and the selection of lower flow rate.  The sleeve assembly includes 
two different sizes and shapes of tubing, bends in the tubing, four manifolds with 
reservoirs, and two manifolds either splitting or merging the water.  Each of these factors 






 For each experiment measuring temperature, K-type thermocouples were used.  
Before using the thermocouples, each one was inspected and calibrated to the 12-channel 
thermocouple thermometer (Figure 37).  The calibration of each thermocouple consisted 
of ensuring the reading of the thermocouple on the thermometer was the same as the 
reading of an external thermometer.  If the thermocouple read a different temperature, 
then the offset was changed on the thermocouple thermometer so the temperature 
recording was accurate. 
 
Figure 37.  Thermocouple calibration 
 Following the calibration of each thermocouple, a forearm sleeve was attached to 
the water pump to test the accuracy of the temperature settings on the water pump (Figure 
38).  As water flowed through the water pump and the sleeve assembly at various 
temperatures, the thermocouple in the water bath recorded the water's temperature.  The 
conclusion of this test revealed that the temperature dial on the water pump was accurate 
with the water temperature in the water bath.   
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Figure 38.  Water pump temperature validation 
 
Tubing Thermal Measurements 
 
 The materials used in this study to fabricate the tubing are not ones commonly 
used.  Therefore, it was important to understand how the tubing material would react to 
water flowing through the tubing at various temperatures before introducing other factors.  
To determine this, each forearm sleeve was connected to the water pump and three 
thermocouples were attached to the outside of the tubing using medical tape (Figure 39).  
To monitor the water temperature flowing through the tubing, a thermocouple was placed 
in the water bath.  The selected water temperatures to flow through the tubing included 
25 °C (77 °F), 18 °C (64 °F), and 10 °C (50 °F).  These temperatures are also used in the 
subsequent experiments.  Each temperature was held at the three designated 
temperatures, ± 1.5 °C, for five minutes.  The five-minute window did not start until after 
the temperature reading stabilized for 10 seconds.  The variance in water temperature 
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results from the responsiveness of the water pump’s cooling and heating elements to 
water temperature changes, and the need for manual water temperature adjustments.  
Temperature measurements were recorded continuously throughout the experiment, 
including the transition periods between water temperatures.    
 
Figure 39.  Tubing temperature measurements 
 
Skin Temperature Measurements 
 
 To gain a comprehensive profile on how each tubing option affects the skin’s 
temperature, skin surface temperature measurements were gathered from each of the four 
test subjects.  Three thermocouples were attached with medical tape at various points on 
the subject’s forearm (Figure 40).  The test subject’s surface skin temperature was 
recorded for five minutes while they sat with their arm in a comfortable position.  For 
each test subject, the collected data were averaged and noted as the subject’s baseline 
skin surface temperature.  Gathering the subject’s skin surface temperature was the first 
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experiment for each subject and conducted once before the first forearm sleeve was 
donned.   
 
Figure 40.  Skin temperature measurement 
 
Tubing to Skin Heat Transfer Measurements 
 
 The aim of this experiment was to record the skin's temperature while the test 
subjects wore the forearm sleeves as water flowed through the tubing at the designated 
temperatures of 25 °C (77 °F), 18 °C (64 °F), and 10 °C (50 °F).  Each of the four test 
subjects wore the three sleeves in similar environmental conditions while they sat in a 
chair with a pillow to rest their arm.  The set-up of the experiment is shown in Figure 41.  
Each test subject wore the forearm sleeve with the circular cross-section tubing first, then 




Figure 41.  Forearm sleeve experimentation 
Once the subject donned the forearm sleeve, three thermocouples were attached to 
the skin with medical tape near a location where the tubing came in contact with the skin.  
It was important to ensure the thermocouple was not under the tubing or too close to the 
tubing as this would result in erroneous skin temperature readings.  Three additional 
thermocouples were attached to the outside of the tubing to record the temperature of the 
tubing.  Figure 42 depicts how each forearm sleeve was worn throughout the experiment.   
 
Figure 42.  Forearm sleeve with thermocouples attached 
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 The test subject continued to wear the forearm sleeve through the water 
temperature transitions to allow the skin time to react with the changing water 
temperature.  All skin surface, tubing, and water temperature measurements were 
recorded continuously throughout the experiment.  This included the transition periods 
during water temperature transitions for this experiment.  While the test subject wore the 
forearm sleeve, each water temperature was maintained at the three designated 
temperatures, ± 1.5°C, for seven minutes.  The seven-minute window did not start until 
after the temperature reading held steady for ten seconds.  The variance in water 
temperature, again, is due to the response time from the heating and cooling elements in 
the water pump.  Manual adjustments to the water temperature setting also contributed to 
the temperature variance.        
At the end of each forearm sleeve session, the subject took time to allow their arm 
to return to its natural temperature before donning the next forearm sleeve.  This equated 
to approximately 15 minutes.  During this time the subject recorded their thoughts on 
how the forearm sleeve performed on a provided survey with comment sections.  Once 
the feel of the test subject’s arm returned to its normal temperature the next forearm 
sleeve was donned.  Each test subject wore the three forearm sleeves once.  This was due 
to the amount of time it took to complete the study for each subject.    
 
COMPUTATIONS 
To organize and compute the recorded skin surface temperature and tubing 
temperature measurements, an Excel spreadsheet for each experiment and forearm sleeve 
was created for the individual test subjects.  Due to the amount of data, the average skin 
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surface temperature was calculated for the individual test subjects for the surface skin 
temperature experiment.  The standard deviation of the four test subject’s surface skin 
temperatures was calculated to determine the deviation in surface skin temperature 
between the subjects.  For similar reasons, averages were calculated for the skin surface 
temperature, tubing temperature, and water temperature measurements gathered during 
the experiments where the test subjects wore the forearm sleeves.  Standard deviations for 
the tubing and surface skin temperatures were also calculated using the averages of the 
tubing temperature and skin surface temperature.  The calculations performed were 
completed for each water temperature setting and for each tubing cross-section to 
understand the variances between test subjects. 
To quantify the thermal conductivity between the skin and tubing, as well as the 
tubing and environment, this study utilized Fourier’s Law one dimensional differential 
form as the governing equation. 
 𝑞 =
𝑄
𝐴 = −𝑘∇𝑇 (1) Fourier’s Law 
Where: 
𝑞 = Heat Flux (W/m2) 
Q = Heat Transfer Rate (W) 
A = Area (m2) 
𝑘 = Material Conductivity (W/mK) 
∇𝑇 = Temperature gradient (K/m)     
To determine the heat transfer rate, the differential form of Fourier’s Law is 
integrated over the tubing material surface. 
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 𝜕𝑄




 = Heat Transferred per unit time (W/m)  
𝑑𝑆 = Surface Area (m2) 
After integration, the equation for the heat transfer rate is stated as 
 𝑄 = −𝑘𝐴
∆𝑇
𝐿 = 𝑞𝐴 
(3) Integration of Fourier’s 
Law 
Where:  
𝐴 = Cross-sectional Surface Area (m2) 
L = Length of Tube (m)   
The area measurement in the equation was adapted to include the tubing in 
contact (𝐴5672852) and not in contact (𝐴76795672852) with the skin for experiments 
including test subjects.  The area was further adapted for the experiment not involving 
subjects to understand the heat transfer rate between the environmental temperature and 
the total surface area of the tubing (𝐴2:;<).  Due to the size of the forearm sleeve, the 
assumption was made that the water in the tubing remained a constant temperature from 
inlet to outlet.  The temperature change (∆𝑇) was calculated between the tubing and the 
skin’s temperature.  For the sake of argument, an additional assumption made included 
the thickness of the tubing.  Even though the tolerances on the 3-D printer are not tight 
enough for consistent thicknesses throughout the tubing, and micro holes were repaired 
making the tubing thickness less in those areas, the thickness differences were assumed to 
be small enough to not alter the outcome of the heat transfer.   
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 The following equations were the final equations used to calculate the heat 
transfer rate: 
Heat transfer rate between the environment and tubing  
 𝑄 = 𝑞𝐴2:;<  (4) Heat transfer rate between 
the environment and tubing 
Heat transfer rate between the skin and tubing 
 𝑄 = 𝑞𝐴5672852 
(5) Heat transfer rate 
between the skin and tubing 
 
Heat transfer rate between the environment and tubing while tubing is against skin 
 𝑄 = 𝑞𝐴76795672852 (6) Heat transfer rate between the enviro nment and tubi ng while tubin g is  agains t skin  
 Again, due to the large amount of data collected during each experiment, the 
averages for water temperature, skin temperature, and tubing temperature were used in 
the aforementioned calculations.  The averages used in equations 4 through 6 are the 
combined averages from each subject at each water temperature.  This method was 
determined as acceptable because the results proved to be comparable across the four test 
subjects in each experiment.   
To further understand the heat transfer difference between the different tubing 
cross-sections, the percentage of change was calculated with aggregated temperature data 
across the four test subjects.  The combinations for comparison for this computation 
included the circular cross-section tubing to the semi-circle cross-section tubing, circular 
cross-section to inverted semi-circle cross-section, and semi-circle cross-section to 
inverted semi-circle cross-section tubing.  Equation 7 states the calculation used to obtain 




 (𝑉? − 𝑉@)
|𝑉@|
× 100 (7)  
Percentage Change 
Where: 
V1 = The first tubing cross-section 
V2 = The second tubing cross-section  
 To determine the level of statistical significance in heat transfers between two 
tubing options, the ANOVA Two-factor Without Replication analysis was completed.  
This analysis was selected due to its ability to calculate statistical significance between 
the two different tubing geometries using the same parameters during experiment.  
Statistical significance for this study was defined as a p-value ≤ 0.05.  The threshold for 
statistical significance was determined due to the scale of the research.  Before 
calculating the statistical significance of heat transfer between two tubing options, heat 
transfers were calculated using equations 5 and 6.  For the heat transfer calculations, the 
average skin surface temperatures and average tubing surface temperatures were used.  
The averages were taken from the data collected from each thermocouple on the four test 
subjects at each water temperature.  This provided three surface skin temperatures and 
three surface tubing temperatures from each of the four test subjects at each water 
temperature.  The same method was applied to calculate statistical significance in heat 
transfer between the tubing and the air.  However, because there was only one 
thermocouple measuring the air temperature, there was only one average air temperature 
calculated for each water temperature.  The results from the heat transfer calculations 
produced 12 heat transfer rates for each water temperature which were then used to 
conduct the ANOVA Two-Factor Without Replication analysis.  
 61 
The results from the ANOVA analysis provide statistical significance between the 
heat transfer rate results for the following scenarios: 
1. Circular cross-section tubing and semi-circle cross-section tubing heat transfer 
between the skin’s surface and the tubing surface. 
2. Circular cross-section tubing and inverted semi-circle cross-section tubing heat 
transfer between the skin’s surface and the tubing surface. 
3. Semi-circle cross-section tubing and inverted semi-circle cross-section tubing heat 
transfer between the skin’s surface and the tubing surface. 
4. Circular cross-section tubing and semi-circle cross-section tubing heat transfer 
between the tubing surface and the air while the test subject wore the forearm 
sleeve. 
5. Circular cross-section tubing and inverted semi-circle cross-section tubing heat 
transfer between the tubing surface and the air while the test subject wore the 
forearm sleeve. 
6. Semi-circle cross-section tubing and inverted semi-circle cross-section tubing heat 











Prior to executing the analysis and computations, an inspection of each data set 
was completed to determined outliers.  An outlier was determined as a temperature 
recording 0.2 ºC standard deviations (about 0.5 ºC) plus or minus two temperature data 
points from the data point in question.  This restraint was determined with the reasoning 
that the skin temperature nor the surface tubing temperature could change 0.5 ºC within 
two seconds.  Two probable reasons for the temperature to change 0.5 ºC within two 
seconds from the surrounding temperature data include the test subject touching the 
thermocouple or the test subject moving during the experiment.  Overall, there were few 
data points fitting this restraint.  Therefore, the smoothing of the few data points is 
negligible due to the amount of data collected. 
The first null hypothesis for this research was that the circular cross-section and 
semi-circle cross-section tubing geometry would perform equally in terms of heat 
transfer.  The results from the conducted experiments suggest that the null hypothesis is 
false and is further supported by the results from the ANOVA analysis.
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TUBING HEAT TRANSFER 
 
 Preceding the test subjects wearing the forearm sleeves, each tubing option 
underwent an evaluation to determine how the tubing performed without the influence of 
body heat.  During this experiment, the environmental temperature was set on the room's 
thermostat to 22.8 °C (73 °F) and varied approximately ± 1.5 °C throughout the 
designated test time.  The surface temperature of each tubing cross-section was 
continuously recorded throughout the duration of the experiment.  Water at temperatures 
of 25 °C, 18 °C, and 10 °C flowed through each of the tubing options for five minutes.  
Water temperatures were able to stabilize for 10 seconds at the designated temperatures 
before the timer began.  Allowing the water temperature to stabilize at the designated 
temperatures created a scenario similar to current LCVG temperature regulation 
operations, that is, temperature settings are usually retained for long durations during 
EVA.  Figure 43 depicts the average surface temperature of each tubing cross-section 
during the five-minute temperature hold.  Shown is that each tubing option had similar 
temperature recordings, ± 0.1 °C from each other, as the water temperature decreased 




Figure 43.  Average tubing surface temperature results at each water temperature 
The slight temperature differences seen in the different tubing options comes from 
necessary manual adjustments to the temperature controller on the water pump to 
maintain the designated water temperature.  The results of the standard deviation 
calculations when using the average surface tubing temperature for each tubing cross-
section at each water temperature further prove the low variability between tubing 
options (Table 4).  The outcome provides confidence that each cross-section of tubing 
can be compared to each other in further analyses.  The independent profiles of each 
tubing option are provided in Appendix C. 
Table 4.  Standard deviation of tubing surface temperature averages for all tubing cross-
section at each water temperature 
Water Temperature Standard Deviation (°C) 
25 °C 0.08 
18 °C 0.05 






























Average Tubing Surface Temperature
Circle Tubing Semi-Circle Tubing Inverted Semi-Circle Tubing
Average Air Temperature: 22.8 ℃
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Through the calculations completed using Fourier’s Law, it was found that each 
tubing cross-section had relatively similar heat transfer rates while the water temperature 
was set to 25 °C (Table 5).  This was expected due to the small temperature difference in 
the tubing’s surface temperature and the air temperature (22.8 °C ± 1.5 °C).  Although, as 
the water temperature decreased, the semi-circle cross-section tubing and the inverted 
semi-circle cross-section tubing started to provide larger amounts of heat transfer 
compared to the circular cross-section tubing (Table 5).  Due to the larger difference 
between the ambient air temperature and the water temperature, along with the increased 
surface area of the semi-circle and inverted semi-circle cross-sectional tubing, the 
increase in heat transfer compared to the circular cross-section tubing makes analytical 
sense.   
Table 5.  Tubing heat transfer with constant flow rate (0.71 l/min) across three water 
temperatures 
 Heat Transfer (W) 
Tubing Cross-section 25 ºC 18 ºC 10 ºC 
Circle -3.7 9.2 24.6 
Semi-Circle -3.7 10.0 28.2 
Inverted Semi-Circle -4.0 10.3 28.2 
 
Table 6.  Percent of change in heat transfer between tubing cross-sections  
Tubing Cross-section 25 ºC 18 ºC 10 ºC Average 
Circle v. Semi-Circle 0.0% 8.7% 14.6% 7.8% 
Circle v. Inverted Semi-Circle 8.1% 12.0% 14.6% 11.6% 
Inverted Semi-Circle v. Semi-Circle -7.5% -2.9% 0.0% -3.5% 
 
In Table 5 all heat transfers calculated for the water temperature 25 °C resulted in 
negative values, meaning that heat was transferring from the tubing to the environment, 
or air.  This is due to the temperature relationship between the tubing’s surface 
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temperature and the ambient air temperature, 25 °C and 22.8 °C respectively.  The 
warmer water temperature did not allow the tubing to cool below the ambient air 
temperature and therefore resulted in a negative heat transfer rate.  While the water 
temperature was set to 18 °C and 10 °C the heat transfer rate calculations resulted in 
positive values.  A positive heat transfer rate denotes that heat was transferred from the 
environment to the tube.  The change in heat transfer direction was due to the surface 
tubing temperature becoming cooler than the environmental temperature.  As the surface 
tubing temperature decreased and created a larger difference from the environmental 
temperature, larger heat transfers were calculated (Table 5).    
The heat transfers transcribed in Table 5 provide two insights: 1) Understanding 
how the tubing reacts to different water temperatures flowing through the tubes in 
relation to a relatively stable environmental temperature, and 2) validity for further 
analysis using equations 4 through 6 listed in the computation segment of this paper is 
confirmed through the expected calculated results.   
Table 6 depicts the percent of change in heat transfer when comparing two cross-
sections of tubing.  The values in Table 6 compare the values in Table 5 to numerically 
understanding the heat transfer differences between the tubing cross-sections.  The 
average percent of change calculated between the tubing options is noted to provide an 
overall understanding of how the two compared tubing options performed in terms of 
heat transfer.  This relationship is noted for each experiment using the forearm sleeves.  
While completing the calculations it was found that Fourier’s Law is sensitive to small 
differences in temperatures between the tubing options.  Due to the sensitivity of the heat 
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transfer equation, Table 6 shows higher than expected percentage increases and decreases 
in heat transfer rates between the tubing options. 
 
SKIN TEMPERATURE MEASUREMENTS 
 Documenting the subject’s skin temperature at the before beginning the 
experiments in which the subject wore the forearm sleeve provided an insight into how 
much the liquid cooling sleeve could affect the skin’s temperature.  The test conditions 
for each test subject were similar in that the average ambient air temperature was 22.8 °C 
(± 1.5 °C) and each subject was seated throughout the experiment.  Figure 44 shows the 
average surface skin temperature for test subject 3, 31.1 ºC, and test subject 4, 31.2 ºC, 
was cooler than test subjects 1 and 2, both of which had an average surface skin 
temperature of 32.8 ºC.  This was expected because test subjects 3 and 4 were females 
and it was visually observed that the test subjects had slightly less adipose and muscular 
tissue in their forearms compared to the males.  Individual skin temperature profiles are 
documented in Appendix D. 
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Figure 44.  Average surface skin temperatures for each test subject 
The standard deviation of the average skin surface temperatures equaled 0.8 °C.  
The higher standard deviation raised a slight concern that the forearm sleeves could affect 
test subjects 1 and 2 differently from test subject 3 and 4.  However, it was decided to 
analyze test subjects 1, 2, 3, and 4 as one group because LCVGs are not tailor to 
individual skin temperatures, tissue makeup, or gender.  The difference in surface skin 
temperature between the test subjects provides a more authentic analysis of potential 
wearers of the different tubing cross-sections. 
 
 
HEAT TRANSFER MEASUREMENTS 
 
The first hypothesis for this research is evaluated through the results of the 
calculations using equation 5.  Table 7 represents the calculated heat transfer rates at each 
water temperature.  From Table 7, the semi-circle cross-section tubing consistently had a 
larger heat transfer rate compared to the circular cross-section tubing and the inverted 
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semi-circle cross-section tubing.  In Table 8, displaying the percent of change when 
comparing heat transfers from two tubing options, the semi-circle cross-section tubing 
reliably provided over 11.9% more heat transfer capability when compared to the circular 
cross-section tubing.   Comparing the calculated heat transfers of the circular cross-
section tubing and the semi-circle cross-section tubing across all water temperatures 
results in an average 24.5% increase in heat transfer from the semi-circle cross-section 
tubing.  
Table 7 shows that the inverted semi-circle cross-section tubing provides less heat 
transfer compared to the circular cross-section tubing while the water temperature was set 
to 25 °C and 18 °C.  This result was unexpected given the contact area of the inverted 
semi-circle cross-section tubing was 247.21 mm2 larger than the circular cross-section 
tubing.  Once the water temperature decreased to 10 °C there was no difference between 
the two tubing cross-sections.  The heat transfer differences while the water temperature 
was set to 25 °C and 18 °C could be due to the placement of thermocouples during the 
experiment.   
Comparing the semi-circle cross-section tubing to the inverted semi-circle cross-
section tubing in Table 7 and Table 8 illustrates that the semi-circle cross-section tubing 
provided a better heat transfer rate across all water temperatures.  This result was 
expected due to the larger contact surface area of the semi-circle cross-section tubing 
compared to the inverted semi-circle cross-section tubing.   
 
          
 70 
Table 7.  Skin heat transfer measurements with tubing in contact with skin at a 
constant flow rate (0.71 l/min) 
 Heat Transfer (W) 
Tubing Cross-section 25 ºC 18 ºC 10 ºC 
Circle 5.5 5.9 5.1 
Semi-Circle 6.3 6.6 7.5 
Inverted Semi-Circle 5.0 5.4 5.1 
 
Table 8.  Percent of change in heat transfer between tubing cross-sections 
Tubing Cross-section 25 ºC 18 ºC 10 ºC Average 
Circle v. Semi-Circle 14.5% 11.9% 47.1% 24.5% 
Circle v. Inverted Semi-Circle -9.1% -8.5% 0.0% -5.9% 
Inverted Semi-Circle v. Semi-Circle   26.0% 22.2% 47.1% 31.8% 
 
Table 9 states the p-value results from the ANOVA Two-Factor Without 
Replication analysis and Table 10 depicts the F and Fcrit values calculated from the 
ANOVA analysis.  The results in Table 9 are considered to be statistically significant if 
the p-value is ≤ 0.05.  The calculated p-value for the difference in heat transfer between 
the circular cross-section tubing and the semi-circle cross-section tubing is 0.04 when the 
water temperature is 25 °C.  This result states that there is a statistically significant 
difference between the two tubing options.  The p-value, while the water temperature is 
set to 18 °C, is 0.48, which symbolizes that there is not a statistical significance at this 
water temperature.  While the water temperature is set to 10 °C the p-value is 0.10.  This 
p-value implies there is not a statistical significance between the two tubing options, 
however, the value cannot definitively disprove the null hypothesis.  Similarly, when 
comparing the semi-circle cross-section tubing to the inverted semi-circle cross-section 
tubing, when the water temperature is set to 25 °C and 10 °C the p-values are close to the 
defined statistical significance value.  Therefore, the null hypothesis cannot be 
 71 
definitively disproven based on the calculated heat transfers.  As expected, when 
comparing the circular cross-section tubing and the inverted semi-circle cross-section 
tubing the p-values state there is not a statistical significance between the two tubing 
options in regards to heat transfer.  The complete results of the ANOVA analysis are 
presented in Appendix F. 
Table 9.  P-values for heat transfer between the skin surface and tubing surface  
Tubing Cross-sections 25 ºC 18 ºC 10 ºC 
Circle v. Semi-Circle 0.04 0.48 0.10 
Circle v. Inverted Semi-Circle 0.93 0.25 0.27 
Inverted Semi-Circle v. Semi-Circle   0.07 0.63 0.06 
 
Table 10.  F and Fcrit values for heat transfer between the skin surface and tubing surface 
 25 ºC 18 ºC 10 ºC 
Tubing Cross-section F Fcrit F Fcrit F Fcrit 
Circle v. Semi-Circle 5.46 4.84 0.52 4.84 3.32 4.84 
Circle v. Inverted Semi-Circle 0.01 4.84 1.45 4.84 1.36 4.84 
Inverted Semi-Circle v. Semi-Circle 4.15 4.84 0.25 4.84 4.29 4.84 
 
Figure 45 depicts that the skin’s surface temperature is consistently cooler with 
the semi-circle cross-section tubing compared to the circular cross-section and inverted 
semi-circle cross-section tubing.  This adds confidence to the first hypothesis for this 
research.  On average, the skin’s temperature shows to be about 3.2 ºC cooler with the 
semi-circle cross-section tubing over the circular cross-section tubing for water 
temperatures 25 °C and 18 °C.  Once the water temperature reached 10 ºC the skin’s 
temperature is only 1.7 ºC cooler with the semi-circle cross-section tubing compared to 
the circular cross-section tubing.  This observation is consistent with the heat transfer 
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calculations.  The difference in skin cooling rate reinforces the conclusion that the skin’s 
temperature is unable to decrease at the same rate as the water temperature gets colder. 
 
Figure 45.  Skin temperatures corresponding with the tubing cross-sections 
Figures 46 through 48 further illustrate the relationship between the skin’s surface 
temperature and the tubing at each water temperature.  When comparing all tubing 
options, the semi-circle cross-section tubing and the skin temperature were consistently 
cooler when wearing the semi-circle cross-section tubing sleeve.  The average skin 
temperature while the test subjects wore the forearm sleeve with the semi-circle cross-
section tubing for 25 °C, 18 °C and 10 °C water temperatures were 26.6 °C, 24.5 °C, and 
22.5 °C, respectively.  While the test subjects wore the forearm sleeve with the circular 
cross-section tubing their average skin temperatures measured as 29.7 °C, 27.8 °C, and 
24.2 °C for water temperatures 25 °C, 18 °C, and 10 °C, respectively.  Overall, the skin’s 
temperature was 2.7 °C cooler while wearing the forearm sleeve with the semi-circle 
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skin surface temperature were recorded between the inverted semi-circle cross-section 
tubing sleeve and circular cross-section tubing sleeve.  Each figure also shows that the 
temperature relationship between the tubing and skin is rather consistent throughout each 
water temperature.  This lends validation to the first hypothesis for this study.  Individual 
test subject profiles while wearing the forearm sleeves are documented in Appendix E. 
 























Average Skin Temperature vs. Average Tubing Temperature 
(25°C)
Circle 25°C (Skin) Circle 25°C (Tube w/Arm)
Semi-Circle 25°C (Skin) Semi-Circle 25°C (Tube w/Arm)
Inverted Semi-Circle 25°C (Skin) Inverted Semi-Circle 25°C (Tube w/Arm)
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Figure 47.  Skin temperature versus tubing temperature with water temperature at 18 ºC 
 
Figure 48.  Skin temperature versus tubing temperature with water temperature at 10 ºC 
In conjunction with measuring the skin’s surface temperature with the various 
tubing options, the temperature of the tubing not in contact with the skin was measured.  























Average Skin Temperature vs. Average Tubing Temperature 
(18°C)
Circle 18°C (Skin) Circle 18°C (Tube w/Arm)
Semi-Circle 18°C (Skin) Semi-Circle 18°C (Tube w/Arm)






















Average Skin Temperature vs. Average Tubing Temperature 
(10°C)
Circle 10°C (Skin) Circle 10°C (Tube w/Arm)
Semi-Circle 10°C (Skin) Semi-Circle 10°C (Tube w/Arm)
Inverted Semi-Circle 10°C (Skin) Inverted Semi-Circle 10°C (Tube w/Arm)
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collected data was used to calculate potential convective heat transfer.  In Figure 49 the 
semi-circle cross-section tubing remained cooler through all the water temperature 
changes.  This leads to the conclusion that the semi-circle cross-section tubing was able 
to provide more convective cooling to the skin compared to the circular cross-section 
tubing and the inverted semi-circle cross-section tubing.   
 
Figure 49.  Skin temperatures corresponding with the tubing cross-sections 
The heat transfers recorded in Table 11 show that the semi-circle cross-section 
tubing provides more convective heat transfer compared to the circular cross-section and 
inverted semi-circle cross-section tubing options.  In Table 12 the average percentage of 
change in heat transfer between the circular cross-section tubing and the semi-circle 
cross-section tubing is 20.3%.  Comparably, the average percentage of change in heat 
transfer between the inverted semi-circle cross-section tubing and the semi-circle cross-
section tubing is 24.7%.  It was expected that both comparisons would yield similar 






























Average Tube Surface Temperature while Test Subject Wore 
Forearm Sleeve
Circle Tubing Semi-Circle Tubing Inverted Semi-Circle Tubing
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results are also consistent with the fact that the semi-circle cross-section tubing remained 
at a cooler temperature throughout the experiment. 
Table 11.  Tubing heat transfer measurements with tubing not against skin at a constant 
flow rate (0.71 l/min) 
 Heat Transfer (W) 
Tubing Cross-section 25 ºC 18 ºC 10 ºC 
Circle 4.8 9.3 13.3 
Semi-Circle 6.3 10.3 15.8 
Inverted Semi-Circle 4.1 8.9 15.1 
 
 
Table 12.  Percent of change in heat transfer between tubing cross-sections 
Tubing Cross-section 25 ºC 18 ºC 10 ºC Average 
Circle v. Semi-Circle 31.3% 10.8% 18.8% 20.3% 
Circle v. Inverted Semi-Circle -14.6% -4.3% 13.5% -1.8% 
Inverted Semi-Circle v. Semi-Circle 53.7% 15.7% 4.6% 24.7% 
 
Table 13 exhibits the p-values designating statistical significance in heat transfer 
when comparing two tubing cross-sections.  When the water temperature was set to 25 °C 
the difference in heat transfer calculates as being statistically significant with a p-value of 
0.01.  This is comparable to the result for heat transfers between the skin and tubing, 
which was also calculated as statistically significant at this water temperature.  For the 
water temperature 18 °C, the p-value, 0.09, states that the difference in heat transfer is not 
statistically significant, however, because the p-value is less than 0.10, the null 
hypothesis cannot be definitively disproven.  With the water temperature set to 10 °C, the 
p-value indicates there is no statistical significance between the calculated heat transfers.  
For the remaining tubing cross-section comparisons, there is no statistical significance 
(Table 13).  The complete results of the ANOVA analysis are recorded in Appendix F. 
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Table 13.  P-values for the tubing not in contact with the skin while the test subject wore 
the forearm sleeve 
Tubing Cross-section 25 ºC 18 ºC 10 ºC 
Circle v. Semi-Circle 0.01 0.09 0.22 
Circle v. Inverted Semi-Circle 0.11 0.31 0.44 
Inverted Semi-Circle v. Semi-Circle   0.46 0.56 0.86 
 
Table 14.  F and Fcrit values for the tubing not in contact with the skin while the test 
subject wore the forearm sleeve 
 25 ºC 18 ºC 10 ºC 
Tubing Cross-section F Fcrit F Fcrit F Fcrit 
Circle v. Semi-Circle 9.29 4.84 3.35 4.84 1.70 4.84 
Circle v. Inverted Semi-Circle 2.95 4.84 1.11 4.84 0.63 4.84 





 The degree of thermal regulation that an LCG may provide to an individual is 
directly correlated to the contact surface area between the tubing and skin.  Previous 
studies proved this concept through several different methods.  Concepts previously 
presented in this paper included tubing geometry and wall thickness tests by Ferl et al. 
(2008), the anatomical placement of tubing by Koscheyev et al. (2004) with the MACS 
Delphi LCG, the addition of auxiliary cooling loops by Watts and Vogel (2016), and 
incorporating large flat tubing presented by Conger and Makinen (2016).  Each approach 
suggests that larger contact surface areas between the tubing and skin will provide 
improved thermal regulation.   
A shortcoming to the mentioned studies, with the exception of the anatomical 
placement of tubing performed by Koscheyev et al. (2004), is that increasing thermal 
regulation capabilities included incorporating larger tubing or increasing the tubing 
density to the LCG.  Though these options provide the desired results, they are not 
practical for future long-duration missions or planetary EVA.  Increasing the tubing’s 
internal volume or density will result in the need to carry more water, which will cost the 
mission money and essential storage space.    
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 The observation of the need for an enhanced LCG with the ability to keep pace 
with future EVA workloads in conjunction with keeping mission costs low led to the 
development of the tubing used in this study.  The selection of semi-circle cross-section 
tubing as a desirable geometry for this tubing enhancement study was due to its larger 
surface contact area compared to the current LCVG circular cross-section tubing.  A 
semi-circle cross-section also provides the structural integrity needed to resist 
deformation; a common side-effect of shaped tubing.   
The unconventional shape of the selected tubing geometry created the first hurdle 
for this research.  Semi-circle cross-section tubing is not a commonly used geometry in 
tubing and is therefore not COTS available.  3-D printing provided the means to fabricate 
the semi-circle cross-section tubing with a material that facilitated the necessary 
flexibility to allow the tubing to lay against the skin.  The second dilemma encountered 
while fabricating the tubing resided in the tubing’s aversion to conform to the radius 
needed at the turnaround points in the sleeve without kinking.  Using a 3-D printer to 
print the turnaround in the tubing avoided the possibility of kinking and allowed the 
length of the tubing to consistently lay flat against the skin.   
The first two experiments conducted for this study measured the surface 
temperatures of the tubing and skin individually before uniting the two variables.  This 
systematic approach identified the temperature profiles for each variable while creating a 
behavioral understanding of the skin and tubing during temperature fluctuations.  For the 
final experiment, test subjects wore three forearm sleeves each integrated with either a 
circular cross-section, a semi-circle cross-section, or an inverted semi-circle cross-section 
tubing type.   
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Initial thermal measurements of the tubing’s surface without the influence of body 
heat from test subjects proved that each tubing cross-section reacted equally to the 
changing water temperature.  This proves that each tubing cross-section was fabricated 
using the same printing parameters, their geometries notwithstanding, and the thickness 
of the tubing is comparable between the different tubing cross-sections.  It was noted that 
for all tubing cross-sections the tubing’s surface temperature was consistently one-degree 
cooler when the water temperature was set 25 °C and 18 °C.  However, once the water 
temperature reached 10 °C the tubing’s surface temperature became warmer than the 
water temperature.  This change was evident in all tubing cross-sections.  At this point, 
the tubing began to reach its cooling potential limit due to the ambient air temperature.   
The results from the heat transfer calculations show some differences in the 
different cross-sections of tubing.  The differences are attributed to slight changes in the 
environmental air temperature due to the thermostat activating at irregular intervals 
throughout the experiment’s period.  Temperature variations as little as 0.1 °C were 
found to have substantial effects on the solution of the heat transfer equation.  The noted 
tubing surface temperature differences are regarded as small enough to still conclude that 
the tubing cross-sections are comparable to one another in regard to thermal regulation 
potential because the skin is unable to perceive the 0.1 °C difference.    
Before the selected test subjects wore the liquid cooling forearm sleeves, the 
skin’s surface temperature was measured on the forearm.  The surface skin temperature 
data gathered during the experiment session for each of the test subjects revealed that the 
skin’s surface temperature for the males was about 1.6 ºC warmer compared to the 
females.  Due to the skin temperature differences, consideration was given to separating 
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the males and females in subsequent data analyses.  Ultimately, the decision was made to 
allow direct comparisons between the test subjects with the rationale that the current 
LCVG is fabricated in the same fashion whether a male or female wears the garment.  
Allowing comparisons between the test subjects provides the different cross-sections of 
tubing to be analyzed more authentically.     
During the experiment in which the subjects wore the forearm sleeves integrated 
with different cross-sections of tubing, temperature measurements from the test subject’s 
skin and the surface of the tubing were collected.  As the test subjects wore the forearm 
sleeves the water temperature flowing through the tubing decreased from 25 °C to 18 °C 
and finally to 10 °C.  The desired temperature setting was allowed to stabilize before 
starting the timer for seven minutes at each water temperature.  Slight manual 
adjustments to the water temperature were made throughout the seven-minute interval to 
ensure a constant water temperature.   
Analysis of the collected data identified three notable features in the relationship 
between the different tubing cross-sections and the surface skin temperatures that indicate 
the semi-circle cross-section tubing provides greater heat transfer.  The first apparent trait 
transpired while comparing the test subjects’ skin temperature measurements between the 
circular cross-section tubing and semi-circle cross-section tubing at the designated water 
temperatures.  In each instance the skin’s surface temperature was cooler while wearing 
the semi-circle cross-section tubing forearm sleeve compared to the circular cross-section 
tubing forearm sleeve.  The skin’s surface temperature was 3.0 °C, 3.3 °C, and 1.7 °C 
cooler for water temperatures 25 °C to 18 °C and 10 °C, respectively, while wearing the 
semi-circle forearm sleeve.  The cooler skin surface temperature while wearing the semi-
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circle cross-section tubing sleeve corresponds with the calculated heat transfer ability for 
the semi-circle cross-section tubing.   
According to the statistical significance values calculated from the ANOVA Two-
Factor Without Replication analysis when comparing the circular cross-section tubing to 
the semi-circle cross-section tubing, there is statistical significance in the heat transfers 
calculated at the water temperature 25 °C.  The ANOVA analysis also states that there is 
no statistical significance when the water temperatures are set to 18 °C and 10 °C.  
However, the 0.10 p-value calculated for the water temperature of 10 °C cannot 
completely disprove the null hypothesis for the first hypothesis – the semi-circle cross-
section tubing will provide better thermal regulation compared to the circular cross-
section tubing.  To completely prove or disprove the hypothesis additional experiment 
runs would need to take place to account for errors that could have occurred while 
gathering temperature measurements of the skin or tubing.  This is also true for all 
experiments including test subjects in this study.   
An argument against the conclusions of the ANOVA analysis arises when taking 
into consideration the sensitivity of the skin and body to temperature stressors.  The body 
is able to perceive small changes in environmental temperature, which triggers 
physiological temperature regulation processes in the body (Armstrong, 2000).  The 
average 2.7 °C decrease in skin surface temperature with the semi-circle cross-section 
compared to the circular cross-section tubing seems minimal, however, based on the 
previous concept, must not be discounted.  This can be further demonstrated through the 
ANOVA analysis results posted in Appendix F, where statistical significance is evident 
in several of the p-value results in the row analyses for heat transfers between the tubing 
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and skin and the tubing and the air while the forearm sleeve is worn.  The decrease in 
skin surface temperature provided by the semi-circle cross-section tubing intensifies the 
cold stress felt by the body.  If the experiment is applied in a full-length LCG, the 
recorded 2.7 °C decrease could exceed the body’s physiological thermal regulation 
processes against the cold and allow the astronaut to feel cooler even at warmer water 
temperatures.         
The previous finding is supported by the second observed characteristic from the 
analyzed data.  The skin’s surface temperature decreased linearly while the test subjects 
wore the forearm sleeve integrated with the semi-circle cross-section tubing.  Conversely, 
when the test subjects wore the forearm sleeves with the circular cross-section or inverted 
semi-circle cross-section tubing the skin’s surface temperature cooling rate changed after 
the water temperature 18 °C.   The skin’s surface temperature exhibited a faster cooling 
rate between 18 °C and 10 °C compared to between water temperatures 25 °C and 18 °C 
when wearing the circular and inverted semi-circle forearm sleeves.  The change in heat 
dissipation was unexpected in the results, however, a new consideration nevertheless.  
Though not definitively proven in this study, the increase in heat dissipation from the 
skin after the water temperature passed 18 °C is assumed to be the skin’s natural response 
to the decreasing temperature.  Until this point, the body was able to provide a certain 
amount of warmth to the forearm due to the smaller surface contact area of the circular 
cross-section and inverted semi-circle cross-section tubing.  It is postulated that once the 
water temperature transitioned below 18 °C the cold stresses felt by the skin started to 
exceed the warming capability of the forearm.  In continuing with the stated presumption, 
by contrast, the body’s physiological processes were unable to provide enough warmth 
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when the test subjects wore the semi-circle cross-section tubing sleeve due to the 
increased surface contact area from the beginning.  Even with the increase in heat 
dissipation after the water temperature reached 18 °C, the circular cross-section and 
inverted semi-circle cross-section tubing were unable to cool the skin’s surface 
temperature to the same degree as the semi-circle cross-section tubing. 
The final noted detail was that the difference between the skin’s surface 
temperature and the water temperature was smaller with the semi-circle cross-section 
tubing across all water temperatures.  Comparatively, the skin’s surface temperature 
while wearing the sleeves assembled with the circular cross-section tubing or inverted 
semi-circle cross-section tubing experienced larger differences from the water 
temperature.  Overall, once the water temperature reached 10 °C the difference between 
the measured skin temperatures and the water temperature became larger.  Also noted 
while the water temperature was set to 10 °C was that the semi-circle cross-section tubing 
and inverted semi-circle cross-section tubing had similar skin temperature differences 
from the water temperature.  The observation in the difference between the skin's surface 
temperature and the water temperature is noted as support for the first hypothesis in this 
research and endorsed by the calculated heat transfer results between the tubing cross-
sections.         
In addition to measuring the temperature relationships between the tubing and the 
skin, temperature measurements from the tubing not in contact with the skin while the 
test subject wore the forearm sleeve was also gathered.  This experiment revealed that the 
increased contact surface area of the semi-circle cross-section tubing did not warm the 
tube enough to decrease heat transfer.  That is, the temperature of the semi-circle cross-
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section tubing remained cooler even though the tubing was in contact with more of the 
skin’s surface.  Due to the semi-circle cross-section tubing’s ability to stay cooler than 
the other tubing cross-sections, the semi-circle cross-section tubing was able to provide 
an average 20.3% more potential convective heat transfer compared to the circular cross-
section tubing and an average 24.7% more compared to the inverted semi-circle cross-
section tubing.  The higher convective heat transfer ability of the semi-circle cross-
section allows the skin surface to become uniformly cooled, which provides more 
effective cooling to the body.  The ANOVA analysis results comparing the circular cross-
section tubing to the semi-circle cross-section tubing suggests that the increase in 
convective heat transfer ability from the semi-circle cross-section tubing is statistically 
significant for the water temperature 25 °C.  The analysis further implied that the null 
hypothesis from the main hypothesis in this study cannot be discarded when the water 
temperature is set to 18 °C.  The p-values calculated for the rows analysis of heat 
transfers are considered statistically significant for several water temperatures.  This 
indicates that further testing to mitigate errors in data collection may prove there is 
statistical significance across all water temperatures.       
The results from the experiments can provisionally satisfy the main hypothesis 
stated for this research – Semi-circular tubing geometry will provide better thermal 
regulation across a wide range of temperatures compared to that of the current LCVG 
tubing.   The semi-circle cross-section tubing was able to provide an average 24.5% more 
heat transfer compared to the circular cross-section tubing and an average 31.8% 
compared to the inverted semi-circle cross-section.  The statistical significance of the 
calculated heat transfers was found to be lower than expected, however, with several p-
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values calculated between 0.05 and 0.10 the hypothesis cannot be disproven.  Further 
research to increase the sample size may enhance the significance of the findings by 
minimizing potential errors in data collection.  The calculated heat transfer values further 
support the idea that a decrease in the amount of tubing needed in an LCC may be an 
option when using semi-circle cross-section tubing.  The results of this study are stated to 
provisionally satisfy the first hypothesis due to the inability to definitively disprove the 
null hypothesis or hypothesis.  A study on a larger scale would need to be completed to 
sufficiently test the main hypothesis. 
 
TEST SUBJECT EXPERIENCE  
 
 Upon the completion of the circular cross-section and semi-circle cross-section 
forearm sleeve sessions, the test subjects were provided a survey to contribute feedback 
about the sensations they felt while wearing the sleeves.  The evaluations were created to 
answer the second hypothesis for this research – The semi-circle cross-section tubing will 
provide better comfort to the wearer in comparison to the circular cross-section tubing.  
The secondary hypothesis was developed to understand how the different tubing 
geometries felt after long wear times and to determine if the semi-circle cross-section 
tubing felt uncomfortably cold to the wearer.   
The survey was comprised of five questions, all relating to the comfort of the 
wearer.  The test subject was able to select a comfort rating of 1 through 5 (1 meaning 
low comfort and 5 meaning high comfort) for the starting and ending comfort level of the 
forearm sleeve and how the sleeve felt at each water temperature.  The test subjects were 
also permitted to write additional comments about the experience of wearing the forearm 
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sleeves.  The survey was only provided for the circular cross-section and semi-circle 
cross-section tubing sleeve options because these tubing options were of most interest to 
the study.   
The null hypothesis for this part of the study stated that there would be no change 
in comfort between the circular cross-section and semi-circle cross-section tubing.  
Unexpectedly, the test subject's feedback endorsed the null hypothesis in terms of general 
comfort of the forearm sleeve where the test subject did not take into account the water 
temperatures.  The comfort level of each sleeve throughout the experiments was reported 
to be approximately the same regardless of which sleeve the subject wore.  It was noticed 
that the pattern of the forearm sleeves did not fit as tightly for some of the subjects 
around the wrist area.  The slight looseness could have implications on the comfort level 
results because the tubing was not tightly seated against the skin uniformly down the 
forearm.  A garment with a narrower wrist opening may provide slightly different results.  
Additionally, examining the comfort level of the different tubing cross-sections across 
more sensitive regions of the body may display preference to one tubing over the other.       
The analysis of the rated responses from the test subjects when taking into 
account the water temperatures also opposed the second hypothesis for this study.  The 
results from the test subjects were in general agreement that the sensations felt at each 
water temperature did not vary between the tubing cross-sections.  The subjects recorded 
that at 25 ºC the forearm sleeves provided medium-high comfort, at 18 ºC the comfort 
level decreased to comfortable, and at 10 ºC the comfort level declined to low comfort.  
The recorded responses for the sensations at each water temperature were somewhat 
expected because the test subjects were sedentary throughout the experimentations.  
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Though it was not expected that each tubing cross-section would receive the same rating.  
It was predicted that for each water temperature the semi-circle cross-section tubing 
would receive a lower rating compared to the circular cross-section tubing.  This was 
postulated due to the larger surface contact area between the skin and the tubing.  The 
reported comfort levels, when considering the variable of changing water temperature, 
are in line with the scale of the experiment.      
Upon review of the additional comments from the test subjects, it was 
unanimously reported that while wearing the semi-circle cross-section forearm sleeve the 
temperature difference was more pronounced.  Each test subject expressed that while the 
water temperature was set to 25 ºC the semi-circle cross-section tubing sleeve felt warmer 
compared to the circular cross-section sleeve.  Complementary, while the water 
temperature was set to 10 ºC the semi-circle cross-section sleeve felt colder compared to 
the circular cross-section tubing sleeve.  The additional comments from the test subjects 
do no refute or support the second hypothesis but lend further confidence to the first 







Several factors from this study are able to be expounded upon to fully affirm each 
presented hypothesis.  Represented in the conducted research are feasibility studies that 
provide insight to further advancements.  Critical future research topics can be refined to 
the experiment scale and the manufacturability of each component.   
The experiments for this research utilized four individuals as test subjects.  The 
limited number of test subjects are unable to provide an adequate representation of the 
varying levels of muscle tissue and adipose tissue found in the population.  Selecting a 
larger sample size will provide an understanding of how different body compositions 
respond to the semi-circle cross-section tubing.  Additionally, the selected individuals of 
this study remained sedentary throughout the experimentation processes.  In reality, 
individuals wearing an LCG will be conducting various levels of activity.  To further 
understand how well an LCG with semi-circle cross-section tubing would perform, a 
study allowing the core body temperature to rise is ideal.  Including various exercises and 
movements would not only measure thermal regulation but it would also serve as a 
platform for measuring the general comfort of the tubing.       
As discussed in the literature review, the anatomical placement of the tubing is a 
key factor in the thermal transfer capabilities of an LCG in which the core body
 90 
temperature is regulated.  Though the selected test region for this study was an area 
responsive to temperature stressors, the limited design of the forearm sleeve is unable to 
provide the body with the sensations needed to alter the body’s core temperature.  
Therefore, the test subject’s body temperature as a whole was not regulated.  Future 
research should integrate the semi-circle cross-section tubing into a full-length liquid 
cooling garment such as those depicted in the literature review of this paper.  A garment 
that covers the majority of the body will allow the body’s core temperature to be 
regulated.  In this case, it is not advisable to document only the skin’s surface 
temperature, but the body’s core temperature as well.  There are various ways to record 
the core’s body temperature, however, the use of an invasive method, such as an 
electronic pill, would provide the most accurate results.  The results from this study 
would prove whether incorporating semi-circle cross-sectional tubing in future liquid 
cooling garments is a plausible solution to obtain better thermal regulation.   
For this study a 3-D printer was utilized to fabricate the tubing and manifolds.  
Using a 3-D printer constrained the length of the tubing though was not a problem for the 
scale of this research.  Other methods considered for fabricating the tubing included 
casting the tubing and adhering sections of tubing together with adhesive and extrusion.  
Each of these methods exhibited obstacles that could be avoided if the tubing was 
fabricated as a continuous piece with the turnaround already in place.  Using a 3-D 
printer accounted for the turnaround point in the tube and ensured the tubing had 
structural integrity given the time and resources for this study.  Going forward, it will not 
feasible to rely on a 3-D printer to fabricate the long tubing sections found in a liquid 
cooling garment.  However, it is possible to meld two manufacturing processes together 
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to obtain various sections of tubing.  Research centered around manufacturing tubing 
with a semi-circle cross-section will need to be conducted for this concept to have a 
higher technology readiness level. 
Each of the proposed future research concepts provides growth to the hypotheses 
presented in this study.  As previously stated, the results of this study are in provisional 
agreement with the first hypothesis in that they afford a degree of feasibility to further the 
study.  Without the completion of each future research topic, a definitive answer 
concerning the thermal regulation capabilities of the semi-circle cross-section tubing is 
unattainable.     






Providing astronauts with adequate thermal regulation has proven to be a 
considerable challenge since the beginning of space travel.  Gas cooling systems, as well 
as liquid cooling systems, have given the astronaut relief until their metabolic waste 
overcomes the system.  During the Gemini EVA missions, the astronaut’s expelled 
metabolic waste quickly overwhelmed the gas cooling system’s capabilities.  This 
sparked the idea that a more adequate cooling system needed to be developed.  By the 
Apollo era, a new cooling system called the liquid cooling garment was operational.  The 
garment was able to consistently manage approximately 100 kcal/hr more in metabolic 
waste compared to the gas cooling systems.  Soon EVAs became more complex and the 
liquid cooling alone was deemed insufficient.  The Space Shuttle era enhanced the Apollo 
liquid cooling garment with the addition of a ventilation system.  With future space 
activity initiatives tending toward planetary exploration a need for an enhanced thermal 
regulation garment is presented based on previous experience and the introduction of 
planetary gravity.   
Recently published cooling garment enhancements have centered around the 
anatomical placement of tubing.  The enhancements proposed by other researchers laid 
the foundation for this study.  The basis of this research was to discover whether a semi-
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circle cross-section tubing geometry would provide better thermal regulation across a 
wide range of temperatures compared to the current LCVG circular cross-section tubing.  
The comfort of the new tubing geometry was also considered due to the long duration 
astronauts wear an LCG.   
The material used to fabricate the three cross-sections of tubing – circle, semi-
circle, and inverted semi-circle – is not a material traditionally used for creating tubing.  
Therefore, an experiment was conducted to understand how the tubing material reacted to 
water flowing through the tube at 25 °C, 18 °C, and 10 °C.  The results showed that the 
surface temperatures of each tubing option were closely related.  The small temperature 
differences provided confidence that each tubing cross-section could be compared to each 
other in subsequent experiments.    
Prior to the test subjects donning the forearm sleeves, the surface skin temperature 
of each test subject was measured.  The standard deviation of the skin surface 
temperature measurements was calculated as 0.8 °C.  The large than expected standard 
deviation was due to the range of the test subject’s skin temperatures, which varied from 
32.8 °C to 31.1 °C.  However, because each astronaut, male or female, wears the same 
cooling garment, it was decided to analyze all collected data together and average the 
results.  This approach provided more authenticity to the results due to the range of the 
test subject’s skin temperatures.   
The flagship experiment in this research had the four test subjects wear three 
forearm sleeves fabricated with tubing of different cross-sections.  The resulting skin 
surface temperature measurements revealed an average skin surface temperature 2.7 °C 
cooler while wearing the semi-circle cross-section tubing compared to the circular cross-
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section tubing.  The skin is susceptible to small temperature changes, therefore, a 
temperature difference of 2.7 °C could trigger different physiological responses in the 
body between the circular cross-section tubing and the semi-circle cross-section tubing.  
Analysis of the calculated heat transfers between the circular cross-section tubing and the 
semi-circle cross-section tubing validated the decrease in skin surface temperature and 
identified that the semi-circle cross-section tubing provided an average 24.5% more heat 
transfer.  Furthermore, when comparing the circular cross-section tubing with the semi-
circle cross-section tubing an average 20.3% more potential convective heat transfer was 
calculated.  According to the ANOVA analysis results, the increase in heat transfer from 
the semi-circle cross-section tubing has some statistical significance.  In reviewing the p-
values from the row analysis between the circular and semi-circle cross-sectional tubing 
and the inverted semi-circle and semi-circle cross-sectional tubing greater statistical 
significance was found.  Evaluation of the ANOVA analysis as a whole suggests that 
there is some statistical significance between the circular cross-section tubing and semi-
circle cross-sectional tubing and supports the first hypothesis for this study.  This is 
further validated by with no statistical significance determined in heat transfers between 
the semi-circle cross-section tubing and the inverted semi-circle cross-section tubing.  It 
is recommended that further research is conducted to sufficiently answer the first 
hypothesis in this study. 
The results from the survey provided to the test subjects concerning the comfort 
level between the circular cross-section tubing and the semi-circle cross-section tubing 
were unexpected.  The test subjects were in agreement that there was no comfort 
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difference between the two tubing options.  Based on these results, the second hypothesis 
for this study is disproven and the null hypothesis was accepted.      
The findings from this study support the need to further develop the theory that 
tubing geometries with larger contact surface areas provide improved thermal regulation.  
Factors such as tubing manufacturability and increasing the scale of the experiments are 
left for future research.  The results from these studies are imperative to adequately 
analyze  the hypotheses presented in this research.  The evolution of not only tubing 
geometry but the liquid cooling garment as a whole will enhance the astronaut’s physical 
and psychological ability to complete EVA tasks.  Unlike the first spacewalks and the 
first EVA on the moon, we hold the knowledge of potential workloads facing future 
astronauts.  Using this knowledge to create a garment that will lessen thermally induced 
fatigue in astronauts will allow future explorations to be more productive and safer as we 
explore further into space. 
































INDIVIDUAL TUBING THERMAL MEASUREMENTS 
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CIRCLE CROSS-SECTION TUBING 
 
Figure 50.  Circle cross-section tubing temperature measurement with water temperature 
at 25 °C for 5 minutes 
 
 
Figure 51.  Circle cross-section tubing temperature measurement with water temperature 
at 18 °C for 5 minutes 
 
 
Figure 52.  Circle cross-section tubing temperature measurement with water temperature 
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SEMI-CIRCLE CROSS-SECTION TUBING 
 
Figure 53.  Semi-circle cross-section tubing temperature measurement with water 
temperature at 25 °C for 5 minutes 
 
 
Figure 54.  Semi-circle cross-section tubing temperature measurement with water 
temperature at 18 °C for 5 minutes 
 
 
Figure 55.  Semi-circle cross-section tubing temperature measurement with water 
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INVERTED SEMI-CIRCLE CROSS-SECTION TUBING 
 
Figure 56.  Inverted semi-circle cross-section tubing temperature measurement with 
water temperature at 25 °C for 5 minutes 
 
 
Figure 57.  Inverted semi-circle cross-section tubing temperature measurement with 
water temperature at 18 °C for 5 minutes 
 
 
Figure 58.  Inverted semi-circle cross-section tubing temperature measurement with 
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APPENDIX D 




Figure 59.  Test subject 1 skin temperature for 5 minutes 
 
Figure 60.  Test subject 2 skin temperature for 5 minutes 
 
Figure 61.  Test subject 3 skin temperature for 5 minutes 
 





















































































































S1 Skin vs. Air Temp





















































































































S2 Skin vs. Air Temp
































































































S3 Skin vs. Air Temp

































































































S4 Skin vs. Air Temp
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APPENDIX E 
INDIVIDUAL SKIN TEMPERATURE MEASUREMERNTS 
(WITH SLEEVE) 
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CIRCLE CROSS-SECTION TUBING 
 
Figure 63.  Test subject 1 skin temperature and circle cross-section tubing temperature at 
water temperature 25 °C for 7 minutes 
 
 
Figure 64.  Test subject 2 skin temperature and circle cross-section tubing temperature at 
water temperature 25 °C for 7 minutes 
 
 
Figure 65.  Test subject 3 skin temperature and circle cross-section tubing temperature at 
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Figure 66.  Test subject 4 skin temperature and circle cross-section tubing temperature at 
water temperature 25 °C for 7 minutes 
 
 
Figure 67.  Test subject 1 skin temperature and circle cross-section tubing temperature at 
water temperature 18 °C for 7 minutes 
 
 
Figure 68.  Test subject 2 skin temperature and circle cross-section tubing temperature at 
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Figure 69.  Test subject 3 skin temperature and circle cross-section tubing temperature at 
water temperature 18 °C for 7 minutes 
 
 
Figure 70.  Test subject 4 skin temperature and circle cross-section tubing temperature at 
water temperature 18 °C for 7 minutes 
 
 
Figure 71.  Test subject 1 skin temperature and circle cross-section tubing temperature at 
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Figure 72.  Test subject 2 skin temperature and circle cross-section tubing temperature at 
water temperature 10 °C for 7 minutes 
 
 
Figure 73.  Test subject 3 skin temperature and circle cross-section tubing temperature at 
water temperature 10 °C for 7 minutes 
 
 
Figure 74.  Test subject 4 skin temperature and circle cross-section tubing temperature at 
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SEMI-CIRCLE CROSS-SECTION TUBING 
 
Figure 75.  Test subject 1 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 76.  Test subject 2 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 77.  Test subject 3 skin temperature and semi-circle cross-section tubing 


















































































































































































































































































































































Water (°C) Skin (°C) Skin (°C) Skin (°C) Tube (°C) Tube (°C) Tube (°C)
 116 
 
Figure 78.  Test subject 4 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 79.  Test subject 1 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 80.  Test subject 2 skin temperature and semi-circle cross-section tubing 
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Figure 81.  Test subject 3 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 82.  Test subject 4 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 83.  Test subject 1 skin temperature and semi-circle cross-section tubing 
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Figure 84.  Test subject 2 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 10 °C for 7 minutes 
 
 
Figure 85.  Test subject 3 skin temperature and semi-circle cross-section tubing 
temperature at water temperature 10 °C for 7 minutes 
 
 
Figure 86.  Test subject 4 skin temperature and semi-circle cross-section tubing 
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INVERTED SEMI-CIRCLE CROSS-SECTION TUBING 
 
Figure 87.  Test subject 1 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 88.  Test subject 2 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 89.  Test subject 3 skin temperature and inverted semi-circle cross-section tubing 










































































































S1 Inverted Semi-Circle 25°C










































































































S2 Inverted Semi-Circle 25℃








































































































S3 Inverted Semi-Circle 25°C
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Figure 90.  Test subject 4 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 25 °C for 7 minutes 
 
 
Figure 91.  Test subject 1 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 92.  Test subject 2 skin temperature and inverted semi-circle cross-section tubing 










































































































S4 Inverted Semi-Circle 25℃


















































































































































S1 Inverted Semi-Circle 18°C













































































































S2 Inverted Semi-Circle 18℃
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Figure 93.  Test subject 3 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 94.  Test subject 4 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 18 °C for 7 minutes 
 
 
Figure 95.  Test subject 1 skin temperature and inverted semi-circle cross-section tubing 











































































































S3 Inverted Semmi-Circle 18°C










































































































S4 Inverted Semi-Circle 18℃































































































































S1 Inverted Semi-Circle 10°C
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Figure 96.  Test subject 2 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 10 °C for 7 minutes 
 
 
Figure 97.  Test subject 3 skin temperature and inverted semi-circle cross-section tubing 
temperature at water temperature 10 °C for 7 minutes 
 
 
Figure 98.  Test subject 4 skin temperature and inverted semi-circle cross-section tubing 















































































































S2 Inverted Semi-Circle 10℃













































































































S3 Inverted Semi-Circle 10°C










































































































S4 Inverted Semi-Circle 18℃
Water (°C) Skin (°C) Skin (°C) Skin (°C) Tube (°C) Tube (°C) Tube (°C)
 123 
APPENDIX F 
ANOVA: TWO-FACTOR WITHOUT REPLICATION RESULTS 
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CIRCULAR CROSS-SECTION TUBING AND SEMI-CIRCLE CROSS-SECTION 
TUBING 
 
Table 15.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
section tubing heat transfers at water temperature 25 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 -0.31 -0.15 1.06
Row 2 2 1.27 0.63 0.95
Row 3 2 2.84 1.42 0.57
Row 4 2 5.20 2.60 0.00
Row 5 2 4.72 2.36 0.17
Row 6 2 3.17 1.59 2.23
Row 7 2 0.73 0.37 1.61
Row 8 2 1.50 0.75 0.65
Row 9 2 1.78 0.89 2.27
Row 10 2 2.76 1.38 0.03
Row 11 2 2.81 1.40 0.38
Row 12 2 3.31 1.65 0.12
Column 1 12 19.35 1.61 0.63
Column 2 12 10.41 0.87 1.24
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 13.82 11 1.26 2.06 0.12 2.82
Columns 3.33 1 3.33 5.46 0.04 4.84
Error 6.71 11 0.61
Total 23.86 23
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Table 16.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
section tubing heat transfers at water temperature 18 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 0.69 0.34 0.24
Row 2 2 2.09 1.05 2.69
Row 3 2 5.42 2.71 0.92
Row 4 2 8.26 4.13 0.42
Row 5 2 5.19 2.59 0.68
Row 6 2 6.98 3.49 2.45
Row 7 2 2.77 1.38 2.12
Row 8 2 2.21 1.10 2.85
Row 9 2 4.95 2.48 1.27
Row 10 2 7.18 3.59 0.08
Row 11 2 5.70 2.85 0.05
Row 12 2 4.08 2.04 0.73
Column 1 12 29.75 2.48 1.77
Column 2 12 25.77 2.15 2.17
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 29.52 11 2.68 2.13 0.11 2.82
Columns 0.66 1 0.66 0.52 0.48 4.84
Error 13.84 11 1.26
Total 44.02 23
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Table 17.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
















SUMMARY Count Sum Average Variance
Row 1 2 2.11 1.05 1.01
Row 2 2 3.50 1.75 5.73
Row 3 2 7.77 3.89 1.00
Row 4 2 12.22 6.11 6.09
Row 5 2 6.86 3.43 2.30
Row 6 2 11.16 5.58 0.02
Row 7 2 6.27 3.14 0.04
Row 8 2 5.19 2.60 0.30
Row 9 2 5.57 2.79 4.28
Row 10 2 9.20 4.60 6.79
Row 11 2 8.47 4.24 6.24
Row 12 2 8.66 4.33 2.23
Column 1 12 36.41 3.03 2.71
Column 2 12 50.57 4.21 4.18
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 48.07 11 4.37 1.74 0.19 2.82
Columns 8.35 1 8.35 3.32 0.10 4.84
Error 27.68 11 2.52
Total 84.11 23
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CIRCULAR CROSS-SECTION TUBING AND INVERTED SEMI-CIRCLE CROSS-
SECTION TUBING 
 
Table 18.  ANOVA analysis between circular cross-section tubing and inverted semi-
circle cross-section tubing heat transfers at water temperature 25 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 1.98 0.99 0.57
Row 2 2 2.17 1.08 0.52
Row 3 2 4.31 2.15 0.08
Row 4 2 7.15 3.57 1.74
Row 5 2 3.94 1.97 0.02
Row 6 2 6.38 3.19 0.61
Row 7 2 1.19 0.60 0.89
Row 8 2 2.15 1.08 0.12
Row 9 2 2.58 1.29 0.88
Row 10 2 2.03 1.01 0.13
Row 11 2 3.09 1.54 0.17
Row 12 2 2.45 1.22 0.90
Column 1 12 19.87 1.66 0.49
Column 2 12 19.55 1.63 1.81
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 18.71 11 1.70 2.83 0.05 2.82
Columns 0.00 1 0.00 0.01 0.93 4.84
Error 6.62 11 0.60
Total 25.33 23
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Table 19.  ANOVA analysis between circular cross-section tubing and inverted semi-
circle cross-section tubing heat transfers at water temperature 18 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 2.70 1.35 0.60
Row 2 2 2.30 1.15 1.11
Row 3 2 6.60 3.30 0.01
Row 4 2 8.56 4.28 0.73
Row 5 2 4.48 2.24 0.11
Row 6 2 8.44 4.22 0.28
Row 7 2 1.49 0.75 5.55
Row 8 2 3.56 1.78 0.53
Row 9 2 3.22 1.61 5.55
Row 10 2 5.17 2.58 1.29
Row 11 2 4.25 2.12 0.66
Row 12 2 3.22 1.61 0.06
Column 1 12 30.38 2.53 1.52
Column 2 12 23.60 1.97 2.46
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 29.13 11 2.65 2.00 0.13 2.82
Columns 1.91 1 1.91 1.45 0.25 4.84
Error 14.57 11 1.32
Total 45.61 23
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Table 20.  ANOVA analysis between circular cross-section tubing and inverted semi-





















SUMMARY Count Sum Average Variance
Row 1 2 4.31 2.15 4.99
Row 2 2 3.04 1.52 3.34
Row 3 2 8.44 4.22 0.20
Row 4 2 10.34 5.17 1.29
Row 5 2 4.42 2.21 0.04
Row 6 2 10.05 5.03 0.87
Row 7 2 1.21 0.60 14.26
Row 8 2 5.05 2.53 0.42
Row 9 2 3.56 1.78 12.20
Row 10 2 4.65 2.33 0.37
Row 11 2 3.33 1.67 1.29
Row 12 2 4.71 2.35 1.69
Column 1 12 36.76 3.06 2.49
Column 2 12 26.36 2.20 4.87
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 44.57 11 4.05 1.22 0.37 2.82
Columns 4.50 1 4.50 1.36 0.27 4.84
Error 36.47 11 3.32
Total 85.54 23
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Table 21.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-
circle cross-section tubing heat transfers at water temperature 25 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 0.64 0.32 2.90
Row 2 2 2.92 1.46 0.04
Row 3 2 3.24 1.62 1.09
Row 4 2 7.07 3.53 1.89
Row 5 2 4.52 2.26 0.30
Row 6 2 4.27 2.14 5.16
Row 7 2 -0.60 -0.30 0.11
Row 8 2 1.01 0.50 0.21
Row 9 2 0.45 0.22 0.32
Row 10 2 2.26 1.13 0.27
Row 11 2 2.22 1.11 0.04
Row 12 2 1.97 0.98 0.37
Column 1 12 10.41 0.87 1.24
Column 2 12 19.55 1.63 1.81
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 24.35 11 2.21 2.64 0.06 2.82
Columns 3.48 1 3.48 4.15 0.07 4.84
Error 9.22 11 0.84
Total 37.05 23
 131 
Table 22.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-




SUMMARY Count Sum Average Variance
Row 1 2 2.29 1.14 2.62
Row 2 2 4.49 2.25 0.00
Row 3 2 5.91 2.96 1.71
Row 4 2 10.48 5.24 0.85
Row 5 2 6.16 3.08 0.02
Row 6 2 7.03 3.51 2.56
Row 7 2 -0.76 -0.38 1.07
Row 8 2 1.44 0.72 1.30
Row 9 2 1.61 0.80 1.52
Row 10 2 5.94 2.97 1.35
Row 11 2 4.87 2.44 0.64
Row 12 2 4.80 2.40 0.12
Column 1 12 25.77 2.15 2.17
Column 2 12 28.49 2.37 3.58
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 49.74 11 4.52 3.69 0.02 2.82
Columns 0.31 1 0.31 0.25 0.63 4.84
Error 13.46 11 1.22
Total 63.51 23
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Table 23.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-
















SUMMARY Count Sum Average Variance
Row 1 2 6.27 3.14 3.76
Row 2 2 6.84 3.42 0.00
Row 3 2 7.89 3.95 1.18
Row 4 2 15.06 7.53 0.21
Row 5 2 7.00 3.50 2.01
Row 6 2 10.74 5.37 0.02
Row 7 2 0.51 0.25 15.10
Row 8 2 4.70 2.35 0.04
Row 9 2 0.49 0.25 2.32
Row 10 2 8.73 4.37 8.63
Row 11 2 7.04 3.52 12.31
Row 12 2 7.12 3.56 6.66
Column 1 12 50.57 4.21 4.18
Column 2 12 31.82 2.65 7.10
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 86.49 11 7.86 2.30 0.09 2.82
Columns 14.66 1 14.66 4.29 0.06 4.84
Error 37.60 11 3.42
Total 138.74 23
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CIRCULAR CROSS-SECTION TUBING AND SEMI-CIRCLE CROSS-SECTION 
TUBING NOT IN CONTACT WITH SKIN 
 
 
Table 24.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
section tubing heat transfers not in contact with the skin at water temperature 25 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 -23.44 -11.72 2.13
Row 2 2 -23.06 -11.53 13.48
Row 3 2 -20.00 -10.00 2.94
Row 4 2 -8.15 -4.08 1.12
Row 5 2 -8.66 -4.33 4.67
Row 6 2 -9.21 -4.60 0.00
Row 7 2 -8.85 -4.43 0.65
Row 8 2 -8.32 -4.16 3.67
Row 9 2 -7.29 -3.65 0.20
Row 10 2 -9.17 -4.59 9.10
Row 11 2 -9.02 -4.51 2.02
Row 12 2 -6.77 -3.38 0.33
Column 1 12 -81.50 -6.79 11.47
Column 2 12 -60.45 -5.04 10.54
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 220.26 11 20.02 10.08 0.00 2.82
Columns 18.46 1 18.46 9.29 0.01 4.84
Error 21.85 11 1.99
Total 260.58 23
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Table 25.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
section tubing heat transfers not in contact with the skin at water temperature 18 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 -14.58 -7.29 1.93
Row 2 2 -12.46 -6.23 14.88
Row 3 2 -7.34 -3.67 13.91
Row 4 2 5.23 2.62 2.27
Row 5 2 2.48 1.24 13.69
Row 6 2 3.48 1.74 0.07
Row 7 2 4.51 2.26 0.22
Row 8 2 3.14 1.57 1.56
Row 9 2 4.68 2.34 0.69
Row 10 2 3.51 1.76 10.34
Row 11 2 3.33 1.66 5.54
Row 12 2 2.27 1.14 1.25
Column 1 12 -10.51 -0.88 14.85
Column 2 12 8.76 0.73 14.67
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 273.90 11 24.90 5.39 0.00 2.82
Columns 15.47 1 15.47 3.35 0.09 4.84
Error 50.86 11 4.62
Total 340.23 23
 135 
Table 26.  ANOVA analysis between circular cross-section tubing and semi-circle cross-
















SUMMARY Count Sum Average Variance
Row 1 2 -0.66 -0.33 10.18
Row 2 2 3.72 1.86 33.59
Row 3 2 10.90 5.45 17.94
Row 4 2 23.47 11.73 1.55
Row 5 2 20.37 10.18 10.19
Row 6 2 18.60 9.30 0.52
Row 7 2 23.28 11.64 0.02
Row 8 2 18.27 9.14 5.97
Row 9 2 18.20 9.10 13.69
Row 10 2 15.83 7.92 2.86
Row 11 2 16.71 8.35 5.34
Row 12 2 18.24 9.12 0.00
Column 1 12 84.43 7.04 22.36
Column 2 12 102.50 8.54 13.04
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 301.22 11 27.38 3.41 0.03 2.82
Columns 13.61 1 13.61 1.70 0.22 4.84
Error 88.24 11 8.02
Total 403.06 23
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CIRCULAR CROSS-SECTION TUBING AND INVERTED SEMI-CIRCLE CROSS-
SECTION TUBING NOT IN CONTACT WITH SKIN 
 
 
Table 27.  ANOVA analysis between circular cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 




SUMMARY Count Sum Average Variance
Row 1 2 -19.64 -9.82 17.16
Row 2 2 -23.54 -11.77 11.10
Row 3 2 -14.90 -7.45 3.57
Row 4 2 -10.36 -5.18 0.25
Row 5 2 -11.39 -5.70 0.05
Row 6 2 -8.44 -4.22 0.38
Row 7 2 -11.89 -5.94 1.80
Row 8 2 -10.27 -5.14 0.29
Row 9 2 -8.14 -4.07 0.02
Row 10 2 -11.28 -5.64 2.33
Row 11 2 -9.69 -4.84 0.90
Row 12 2 -9.32 -4.66 1.52
Column 1 12 -81.50 -6.79 11.47
Column 2 12 -67.37 -5.61 2.48
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 122.42 11 11.13 3.94 0.02 2.82
Columns 8.32 1 8.32 2.95 0.11 4.84
Error 31.04 11 2.82
Total 161.77 23
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Table 28.  ANOVA analysis between circular cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 
temperature 18 °C 
 
 
SUMMARY Count Sum Average Variance
Row 1 2 -9.53 -4.77 24.56
Row 2 2 -14.10 -7.05 7.28
Row 3 2 -0.74 -0.37 0.88
Row 4 2 2.81 1.41 0.04
Row 5 2 1.05 0.52 7.24
Row 6 2 5.14 2.57 2.08
Row 7 2 -1.20 -0.60 20.29
Row 8 2 0.20 0.10 0.69
Row 9 2 4.97 2.48 0.40
Row 10 2 1.13 0.57 2.35
Row 11 2 0.68 0.34 0.23
Row 12 2 0.64 0.32 0.00
Column 1 12 -10.51 -0.88 14.85
Column 2 12 1.55 0.13 6.39
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 173.71 11 15.79 2.90 0.05 2.82
Columns 6.06 1 6.06 1.11 0.31 4.84
Error 59.97 11 5.45
Total 239.75 23
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Table 29.  ANOVA analysis between circular cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 














SUMMARY Count Sum Average Variance
Row 1 2 7.80 3.90 84.13
Row 2 2 1.16 0.58 15.89
Row 3 2 18.44 9.22 1.21
Row 4 2 20.66 10.33 0.55
Row 5 2 16.95 8.48 0.61
Row 6 2 21.70 10.85 8.50
Row 7 2 13.39 6.69 47.04
Row 8 2 15.66 7.83 0.35
Row 9 2 22.88 11.44 0.15
Row 10 2 16.14 8.07 3.64
Row 11 2 14.00 7.00 0.16
Row 12 2 14.86 7.43 5.79
Column 1 12 84.43 7.04 22.36
Column 2 12 99.21 8.27 10.37
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 201.14 11 18.29 1.27 0.35 2.82
Columns 9.11 1 9.11 0.63 0.44 4.84
Error 158.92 11 14.45
Total 369.17 23
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SEMI-CICLE CROSS-SECTION TUBING AND INVERTED SEMI-CIRCLE CROSS-
SECTION TUBING NOT IN CONTACT WITH SKIN 
 
 
Table 30.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 





SUMMARY Count Sum Average Variance
Row 1 2 -17.58 -8.79 7.20
Row 2 2 -18.35 -9.18 0.12
Row 3 2 -17.33 -8.66 12.99
Row 4 2 -8.86 -4.43 2.43
Row 5 2 -8.34 -4.17 3.73
Row 6 2 -8.34 -4.17 0.30
Row 7 2 -10.75 -5.37 4.61
Row 8 2 -7.56 -3.78 1.91
Row 9 2 -7.50 -3.75 0.36
Row 10 2 -7.02 -3.51 2.23
Row 11 2 -7.68 -3.84 0.22
Row 12 2 -8.51 -4.26 3.26
Column 1 12 -60.45 -5.04 10.54
Column 2 12 -67.37 -5.61 2.48
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 105.95 11 9.63 2.84 0.05 2.82
Columns 2.00 1 2.00 0.59 0.46 4.84
Error 37.36 11 3.40
Total 145.30 23
 140 
Table 31.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 
temperature 18 °C 
 
SUMMARY Count Sum Average Variance
Row 1 2 -7.57 -3.78 12.73
Row 2 2 -8.65 -4.32 1.35
Row 3 2 -6.02 -3.01 21.77
Row 4 2 4.94 2.47 2.92
Row 5 2 6.28 3.14 1.02
Row 6 2 5.52 2.76 1.39
Row 7 2 -1.86 -0.93 16.32
Row 8 2 1.97 0.98 4.32
Row 9 2 3.79 1.90 0.04
Row 10 2 5.68 2.84 2.83
Row 11 2 4.01 2.00 3.51
Row 12 2 2.22 1.11 1.34
Column 1 12 8.76 0.73 14.67
Column 2 12 1.55 0.13 6.39
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 164.36 11 14.94 2.44 0.08 2.82
Columns 2.16 1 2.16 0.35 0.56 4.84
Error 67.36 11 6.12
Total 233.89 23
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Table 32.  ANOVA analysis between semi-circle cross-section tubing and inverted semi-
circle cross-section tubing heat transfers not in contact with the skin at water 









SUMMARY Count Sum Average Variance
Row 1 2 12.31 6.16 35.78
Row 2 2 9.35 4.68 3.28
Row 3 2 12.45 6.23 28.47
Row 4 2 22.42 11.21 3.95
Row 5 2 21.47 10.73 5.82
Row 6 2 22.72 11.36 4.80
Row 7 2 13.58 6.79 48.95
Row 8 2 19.11 9.56 3.41
Row 9 2 17.65 8.82 10.95
Row 10 2 18.53 9.26 0.05
Row 11 2 17.27 8.63 3.66
Row 12 2 14.84 7.42 5.72
Column 1 12 102.50 8.54 13.04
Column 2 12 99.21 8.27 10.37
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 103.19 11 9.38 0.67 0.74 2.82
Columns 0.45 1 0.45 0.03 0.86 4.84
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